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Abstract 
 
The University of Manchester 
Ismael Segura-Cedillo 
Doctor of Philosophy 
Fused metallic slurry coatings for improving the oxidation resistance of wrought alloys 
2011 
 
The aim of this project was to investigate the potential of fused-slurry coatings for 
improving the oxidation resistance of wrought alloys. Slurry-aluminised coatings were 
deposited on Alloy 800H (Fe-33Ni-20Cr), Alloy HCM12A (Fe-12Cr-2W), Alloy 214 (Ni-
16Cr-4Al-3Fe), Fe-27Cr-4Al and Fe-14Cr-4Al alloys. The slurry contained a cellulose-
based binder in an aqueous carrier and spherical aluminium powder, with a particle size 
below 20 µm. The slurries were applied with a paint-brush, dried in air and heat treated in 
either hydrogen or argon at temperatures between 700 and 1150oC. The slurries were 
characterised by thermogravimetry, differential scanning calorimetry and viscometry. The 
coatings were characterised by optical microscopy, scanning electron microscopy, energy-
dispersive X-ray analysis, X-ray diffraction and Vickers hardness measurements. The 
oxidation resistance of selected slurry-coated specimens was assessed in air at 1000 and 
1100oC in tests lasting up to 1000 hours. 
 
Slurry-aluminising was found to be a simple, effective way of forming protective coatings 
that were similar in composition and microstructure to chemical vapour deposits. However, 
it was difficult to control the amount of slurry applied to the substrate and produce coatings 
of uniform thickness. 
 
The coatings on Alloy HCM12A and the Fe-Cr-Al alloys contained cracks in the brittle 
FeAl phase due to tensile stresses arising from differences in the thermal expansion 
coefficients of the substrates and the coatings. Rapid interdiffusion between the coatings 
and the ferritic substrates resulted in the appearance of Kirkendall voids. 
 
Coatings on Alloy 214 required a two-stage heat treatment to convert the brittle δ-Ni2Al3 to 
β-NiAl. Cracking along the coating/substrate interface was prevented by limiting the 
coating thickness to a maximum of 250 µm. During oxidation at 1100oC, the β-NiAl was 
converted to γ'-Ni3Al. After 1000 h, the centre of the coating consisted chiefly of γ'-Ni3Al 
and bands of austenite (γ-Ni) were present at the inner and outer edges of the coating. The 
aluminium content at the coated surface was higher than the original aluminium content of 
the alloy, the protective alumina scale was improved and the oxidation life of the substrate 
was extended. An additional life of 1250 h at 1100oC is estimated from a slurry coating 
before the aluminium content returns to that of the original alloy (4%), providing a 
potential improvement in oxidation resistance. 
 
Microstructural changes such as grain growth, sensitisation and formation of aluminium 
nitride particles near the coating/substrate interface, were detected in the alloy substrates 
after forming the slurry coatings. However, these microstructural changes did not detract 
from the good performance of the coatings during oxidation tests at 1100oC. 
 
The work in this study has demonstrated a low-cost method of coating high-temperature 
alloys providing coatings with microstructures, densities and modes of degradation similar 
to those obtained by other coating methods. The coatings are potentially applicable to a 
wide range of high-temperature substrates. 
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1: INTRODUCTION 
 
In the continuing search for improved high-temperature materials there has been much 
research into the development of protective coatings. Metallic slurry coatings were 
developed for commercial use in the 1960s and have been used in gas turbine engines and 
in the propulsion units of satellites, missiles and rockets. Slurry-coating methods have not 
been used as widely as competing technologies such as chemical vapour deposition, 
physical vapour deposition or thermal spraying. These methods have been used extensively 
for coating a variety of components, from carbon steel boiler tubes to gas turbine blades 
and vanes fabricated from cast nickel-based superalloys. However, slurry coatings are 
relatively inexpensive and can be applied to parts of almost any size or shape by spraying, 
brushing, dipping or filling and draining [1]. Slurry coatings may have potential for wider 
use in power generation, petrochemical or chemical process industries. 
 
A slurry is a suspension of solid particles in a liquid. For coating purposes, the solid 
particles may be metallic or ceramic; however, in this project, only metallic particles are 
considered. The liquid, sometimes referred to as lacquer, typically has two constituents: a 
carrier and a binder. The carrier evaporates when the slurry is heated. The binder maintains 
the particles in suspension, and holds the particles in a coherent film when the carrier has 
evaporated. The final step in making a slurry coating is heat treatment in an inert gaseous 
atmosphere, or vacuum, to remove the binder and to form a dense coating that is firmly 
bonded to the substrate [2]. Ideally, the coating is uniform in thickness, free of defects and 
has acceptable mechanical properties. For service at temperatures between 650oC and 
above 1200oC, considerable efforts have been expended in the design of oxidation resistant 
coatings rich in chromium, aluminium and/or silicon; which are deposited on nickel-based 
and iron-based alloy substrates. These elements protect the substrates against oxidation by 
forming slow-growing oxide scales. Compatibility of coating with alloy is important. A 
variety of deposition methods is available and, in recent years, there has been renewed 
interest in the use of metallic slurry coatings for high-temperature applications. This 
interest has been driven partly by wider availability of metal and alloy powders with 
smaller particle sizes, uniform shapes and consistent compositions. 
 
Research into slurry coatings has been carried out at the Instituto Nacional de Técnica 
Aeroespacial (Madrid). The aim of the European COST Action 522 project, which ended 
in 2003, was to coat steam turbine components made from a ferritic 9%-chromium steel in
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order to raise the operating temperatures of coal-fired power plants; promising results were 
obtained with slurry aluminides [3]. Research on slurry coatings was continued until 2009 
in COST 536 [4]. Slurry aluminised coatings on the 9% chromium steel formed protective 
alumina scales and resisted corrosion in a flowing steam atmosphere at 650ºC for up to 
50 000 h, in spite of degradation by interdiffusion of aluminium and iron between the 
coating and the substrate. In a separate project at the same institute, slurry aluminised 
Type 310 stainless steel was used for separator plates in a molten carbonate fuel cell [5]. 
 
Slurry coatings, based on MCrAlY or CrAlSi compositions, have been developed for 
protecting the internal surfaces of furnace components used in the production of ethylene. 
These coatings were designed to protect centrifugally-cast, high-alloy tubes and fittings 
against coke deposition and carburisation during the pyrolysis of hydrocarbons [6, 7]. The 
technology was developed by Surface Engineered Products (Canada); the intellectual 
property rights, patents, trade marks and production equipment were acquired by Bodycote 
International plc (now Exova) and relocated to a new facility in Knowsley (Merseyside). 
 
Previous slurry coatings have often been produced using spray methods, with an associated 
requirement for relatively high-cost equipment. In contrast, brush and dipping procedures 
offer methods requiring simpler and cheaper facilities. The brushing method is also 
potentially attractive as a method of repair. However, slurry coatings produced by the 
brushing method in earlier studies have been affected by defects, such as cracks and non-
uniform thicknesses which affect the coating performance. 
 
The aims of this research project are as follows: 
(i) To survey the available literature on oxidation-resistant coatings, particularly slurry 
coatings. 
(ii) To devise a low-cost brushing method for preparing oxidation-resistant slurry 
coatings in the laboratory which are free of significant defects and that provide 
good oxidation resistance. 
(iii) To slurry-coat selected wrought alloy substrates and characterise the prepared 
coatings by standard analytical methods. 
(iv) To assess the oxidation resistance of the prepared slurry-coated wrought alloys and 
find out how the coatings affect the microstructures of the substrates. 
(v) To identify issues regarding the potential of slurry coatings for practical use at 
temperatures between 700 and 1000oC and/or areas for further research. 
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Further details of these and other slurry coatings are presented in Chapter Two. In this 
thesis, chemical compositions are expressed in weight percent (wt. %) unless otherwise 
indicated. 
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2: LITERATURE REVIEW 
 
2.1. Early slurry coatings 
The first patent for a slurry coating was awarded to Vigor of General Motors Corporation 
in 1958 [8]. The purpose of the invention was to harden the surfaces of titanium panels by 
alloying with nickel. The slurry was prepared by dispersing nickel powder, with a particle 
size below 50 µm, in a volatile organic liquid, such as ethylene glycol, diethylene glycol or 
propylene glycol, which evaporated readily upon heating. The slurry was applied to a clean 
titanium substrate and heat-treated at 925°C for 3 h in an argon atmosphere which 
prevented oxidation of the panel and the powder.  
 
After furnace-cooling, metallographic preparation revealed a surface layer of nickel-
titanium alloy with a depth of 380 µm. The layer had formed by solid-state diffusion as the 
heat-treatment temperature was below the melting points of both nickel and titanium, and 
below the nickel-titanium eutectic temperature (955°C). The layer was significantly harder 
than the titanium substrate. Further hardening was achieved by quenching from the heat-
treatment temperature and tempering at 425°C for 30 min. 
 
In 1963, Joseph of United Aircraft Corporation described a method of forming a protective 
coating in which a metallic powder, comprising a mixture of two elements, was dispersed 
in a suitable liquid and sprayed onto a substrate [9]. The substrate was a cobalt-based, or 
nickel-based, turbine vane from a jet engine, and the purpose of the coating was to protect 
against oxidation and thermal shock. 
 
Joseph’s powder consisted of 90% aluminium and 10% silicon, with particle sizes below 
38 and 43 µm respectively. As a general rule, it was claimed that finer particles produced 
better coatings than coarser particles. The metallic particles were blended in a ball mill and 
dispersed in a mixture of amyl acetate (650 ml) and acetone (100 ml). The liquid was 
relatively inexpensive, safe to use and evaporated readily at room temperature. 
 
A binder was dissolved in the liquid for the purpose of sticking the metallic particles to one 
another and to the substrate. In this case, the binder was 15 g of nitrocellulose; however, 
naphthalene or stearates were suggested as suitable alternatives. 
 
The metallic powder was added to the liquid until the resulting dispersion contained one 
gram of powder per millilitre of liquid. The dispersion was then sprayed onto the substrate, 
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which had been cleaned thoroughly. The solvent was allowed to evaporate at room 
temperature, leaving a layer of metallic powder 75–375 µm thick. The binder did not 
evaporate and remained uniformly interspersed throughout the layer of powder. If the 
binder was omitted, adhesion of the metallic particles to the substrate was poor; the 
component was difficult to handle and had to be heat-treated immediately. 
 
After the solvent had evaporated, the heat treatment was carried out at 1090°C for 2 h in a 
vacuum, with an absolute pressure of 0.007 Pa. During the heat treatment the binder 
decomposed and the aluminium powder melted. The molten aluminium reacted with the 
silicon and the substrate, forming a diffused layer 125 µm thick. It was claimed that 
vacuum heat treatment resulted in a denser, more uniform coating than heat treatment in 
hydrogen or argon. 
 
2.2. Slurry-coating of steel sheet and strip 
In the late 1960s, employees of the International Nickel Company Inc. disclosed slurry 
methods for coating steel sheet and strip with nickel. These methods overcame some of the 
disadvantages associated with conventional coating processes, such as: 
i. electro-plating was uneconomical for coating long strips and large sheets; 
ii. flame-spraying resulted in porous coatings; 
iii. weld-overlaying and hot-roll-cladding required plate thicker than 12 mm. 
 
Parikh et al. developed a slurry method for coating nickel onto steel sheet or strip up to 
6 mm in thickness [10]. The slurry contained 73% nickel powder1, with an average particle 
size of 2–5 µm, in a 1% aqueous solution of methylcellulose. The main purpose of the 
methylcellulose was to act as a binder, or film former, which contributed green strength to 
the dried coating; it also thickened the slurry and prevented settling of the metal particles. 
The following additives were present in the slurry: 
i. a wetting agent2 decreased the surface tension of the slurry, improved the 
adhesion of the slurry to the steel and provided a levelling action; 
ii. a deflocculating agent3 helped to disperse the binder in the slurry; 
iii. a small addition of anti-foaming agent4 in cases where the slurry tended to foam; 
iv. an alkali5 to prevent the steel from rusting before the end of the drying operation. 
                                               
1
  Formed by the decomposition of nickel carbonyl [Ni(CO)4] gas. 
2
  Dioctyl sodium sulphosuccinate. 
3
  A sodium salt of polycarboxylic acid. 
4
  Sulphonated oil or 2-octanol. 
5
  Ammonium hydroxide to raise the pH of the slurry to at least 8. 
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After thorough mixing, the slurry was left to stand for several hours permitting the trapped 
air bubbles to escape. The slurry was applied to the degreased pickled steel by spraying, or 
by a doctor blade technique. Water was removed from the applied layer of slurry by drying 
the steel under gas-fired infra-red heaters. The coated steel was sintered in an atmosphere 
of cracked ammonia or dry hydrogen at 1050–1150°C for 2 min. The methylcellulose 
decomposed during sintering without yielding a significant amount of ash. After sintering, 
the coated strip or sheet was formed into a coil, rolled and annealed in a non-oxidising 
atmosphere at 700°C to increase the density of the nickel coating. 
 
Parikh’s coatings were dense, uniform and less than 250 µm thick. They were used to 
fabricate containers, mixers and evaporators for the food and chemical process industries. 
They were also applied to furniture, office equipment, automotive trim and bumpers. 
 
A number of improvements to Parikh’s method were devised by Flint et al. [11]. The first 
of these was to introduce an electro-mechanical vibrator for removing air bubbles and 
consolidating the nickel powder during, or immediately after, applying the slurry to the 
steel substrate. Strip or plate coated by this method exhibited improved resistance to 
corrosion by acidic salt spray. 
 
The second improvement was the "curtain coating" method, in which the slurry was forced 
through a narrow slot to form a continuous vertical curtain, through which the steel plate, 
or strip, was passed at a carefully controlled speed. In order to apply the slurry by this 
process, it was necessary to increase its viscosity. 
 
The third improvement was the development of a porous nickel coating, which had 
improved corrosion resistance when the nickel-coated steel was subsequently electro-
plated with chromium. The porosity was introduced by including approximately 10 vol.% 
alumina or thoria, with a particle size below 50 µm, in the slurry. The dispersed particles of 
inert oxide inhibited the sintering of the nickel during the heat treatment.  
 
In Flint’s final improvement, a coating with improved resistance to pitting corrosion was 
developed. This was accomplished by mixing the nickel powder in the slurry with up to 
30% copper powder. The copper melted at the sintering temperature, and increased the 
density of the coating. 
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Flint’s co-inventor, Ashcroft, continued to improve the thermo-mechanical processing of 
slurry-coated steels, and devised a method for manufacturing non-porous nickel coatings 
[12]. An aqueous slurry containing nickel powder was applied to a steel strip and dried in 
air at 60°C. After drying, the slurry-covered strip was heated to 600°C in cracked ammonia 
to remove the methylcellulose binder. The strip was cooled to 410°C to prevent oxidation 
of the steel, and rolled to compact the layer of nickel powder. The combination of pressure 
and temperature bonded the nickel particles together and to the substrate. The compacted 
strip was then annealed at 700°C for 1 h in cracked ammonia to relieve the stresses 
introduced during rolling. A final cold-rolling step resulted in a fully dense coating. 
 
In the 1970s, the International Nickel Company Inc. continued to work on the coating of 
mild steel substrates with aqueous slurries containing dispersed nickel powder. A patent 
assigned to Jackson et al. described how the slurry method was used to manufacture coated 
coins, tokens, steel wires and components for automotive exhaust systems [13]. 
 
In the International Nickel Company’s early inventions, methylcellulose was used as the 
binder [10-12]. Jackson et al. switched to an alkali-stabilised silica sol binder6, containing 
20% silica [13]. In addition to 5½% binder, the slurry contained ¼% thickening agent7 and 
43% nickel powder, with a particle size below 20 µm. The balance of the slurry was water, 
which served as the carrier. 
 
A uniform layer of aqueous slurry was deposited on the substrate and the water was 
evaporated in a rapidly moving stream of air at 30°C; heat was not required to set, or gel, 
the silica binder. The dried coating was approximately 100 µm thick and contained the 
silica, which did not hinder the elimination of porosity in subsequent sintering or working 
operations. Layers of dried slurry containing silica were found to be appreciably stronger 
than dried layers containing methylcellulose. Use of the silica sol binder allowed steel-strip 
substrates to be bent over a mandrel and heat-treated in the open-coil configuration, 
without cracking the dried layer of applied slurry. The heat treatment took place in cracked 
ammonia to prevent oxidation of the coating and the substrate. Sintering temperatures of 
885–1040°C were used for 1–20 min to densify the coating and form a metallurgical bond 
to the substrate. 
 
 
                                               
6
  Obtained from EI DuPont de NeMours & Co. under the trade name Polysilicate 48. 
7
  Xanthan gum or beneficiated anhydrous magnesium silicate. 
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Coins and tokens were fabricated from steel discs coated with nickel or cupro-nickel, and 
cold-worked by coining and edge-milling. The cold work smeared the coating metal, 
thinned the underlying substrate and eliminated porosity from the sintered coating. The 
corrosion resistance of cold-drawn nickel-coated steel wire was improved by galvanising 
or hot-dip aluminising. The slurry coating process eliminated the brittle intermetallic layer 
between the steel substrate and the hot-dipped coating. 
 
The nickel powder used by the International Nickel Company in slurry coatings was 
initially obtained by the thermal decomposition of a gaseous organometallic complex8. 
Jackson et al. used powders fabricated by atomising molten metal [13]. Slurries containing 
nickel-chromium alloy powder were used to coat steel sheet for catalyst containers in 
automotive exhaust systems. The coatings were resistant to high-temperature oxidation and 
carburisation. 
 
In 1985, Nickola et al. of the Inland Steel Company patented a slurry method for 
aluminising cold-rolled, low-carbon or low-alloy steel strip [14]. It was claimed that the 
method was also suitable for applying aluminium-silicon coatings, zinc coatings, and non-
metallic coatings such as glass, enamel or porcelain. 
 
Nickola’s slurry contained finely divided aluminium particles, with an average size of 
9−13 µm. The binder was a thermoplastic acrylic alkyl ester resin9, or a thermosetting 
phenoxy resin10. The composition was 67% powder and 33% resin; a volatile organic 
solvent was added until the slurry viscosity was suitable for application. The preferred 
solvent was 2-ethoxy ethyl acetate: methyl ethyl ketone was suggested as a suitable 
alternative. 
 
The steel strip was prepared by spraying with hot alkali, wet brushing, pickling in 3% 
sulphuric acid at 48°C, rinse-spraying with water at 60°C and drying. The slurry was roll-
coated onto both sides of the strip, and cured in an oven at 210°C to evaporate the solvent 
without removing or degrading the binder. The cured layer was approximately 30 µm 
thick, adherent, flexible, non-tacky and free of distortions or bulges. In this condition, the 
coated strip could be bent or stamped at ambient temperature without cracking the as-cured 
layer. 
                                               
8
  Nickel carbonyl [Ni(CO)4], prepared by the reaction of nickel metal and carbon monoxide gas. 
9
  Ethyl methacrylate copolymer, available as Acryloid B-72 from Roman Haas Co. 
10
 Bakelite Resin PKHH available from Union Carbide Corp.  
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The next step was heat treatment in air at 425°C, which caused most of the resin binder to 
vapourise or decompose into gaseous products. Any remaining resin was completely 
removed by heat-treating in a 95%N2−5%H2 atmosphere. The heat treatment was carried 
out for 40 h at 815°C. At this temperature grain growth in the steel was avoided. The strip 
was finished by cold-rolling to reduce the coating porosity. The aluminised layer contained 
8−10% aluminium in solid solution, which gave good ductility and oxidation resistance. 
 
2.3. The slurry-coating of refractory metals 
In the 1960s and early 1970s, slurry-coated refractory metals were developed for use in the 
engines of missiles, satellites and manned spacecraft. It was recognised that metals such as 
molybdenum, niobium, tungsten and tantalum had better strength than conventional 
superalloys at 1200–1650°C; however, such metals had poor oxidation resistance, and 
needed to be coated for service in the combustion chambers and nozzles of rocket motors. 
Coatings that formed protective silica scales were preferred for service above 1200°C. 
 
Perkins, of the Lockheed Missiles and Space Company, published a paper describing the 
status of silicide-coated molybdenum alloys in 1965 [15]. The problem of slurry coatings 
adversely affecting the creep or stress-rupture properties of the substrates had been 
overcome by developing refractory alloys with recrystallisation temperatures considerably 
above the heat-treatment temperatures of the coatings. It was recognised that the maximum 
load-carrying capacity of a coated component should be calculated on the basis of residual 
cross-section after taking account of the loss of substrate thickness by interdiffusion with 
the coating. 
 
Perkins identified the following limitations for coatings containing MoSi2 and Mo5Si3 
phases: 
(i) Due to variations in coating thickness, the thinner parts of coatings had shorter 
lifetimes than the thicker parts. 
(ii) Coating performance was degraded by the presence of cracks or voids, and 
coating life was dependent on the dimensions of such defects. 
(iii) Coatings were susceptible to accelerated attack in air at reduced pressure. For 
example, a silicide coating on a molybdenum alloy lasted at least 40 h at 1425°C 
at atmospheric pressure, i.e. 1.01 x 105 Pa; at 13.3 Pa most of the coating oxidised 
to a mixture of molybdenum sponge and glass in 4 h. 
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Priceman and Sama, of Sylvania Electric Products, protected niobium alloys with fused 
silicide coatings in the late 1960s [16, 17]. The fused slurry method was used as an 
alternative to pack cementation, which resulted in coatings of non-uniform composition 
and uneven thickness on sizeable intricate parts due to the poor heat-transfer characteristics 
of large packs. An advantage of the slurry method was that crevices and faying surfaces 
could be coated. 
 
The Nb-10W-1Zr-0.1C alloy substrates were prepared by dry abrasive-blasting, or acid-
pickling. Elemental powders comprising 60% silicon, 20% chromium and 20% iron were 
mixed in a blender and combined with lacquer consisting of equal volumes of 
nitrocellulose binder and amyl acetate solvent. After thorough stirring, the slurry was 
applied with a conventional paint-spray gun, and the sprayed parts were dried in air for one 
hour. The parts were then placed on ceramic pads, or suspended by tantalum wires, in a 
cold-walled vacuum furnace (<0.013 Pa) and fired at 1415°C for 1 hour. The resulting 
coating was 85 µm thick; its major and minor constituents were niobium-rich silicides 
NbSi2 and M5Si3 (presumably M is a combination of Nb, Cr and W) respectively. The 
coated coupons performed well in thermal-cycling tests with peak temperatures of 1370°C 
and low oxygen pressures, which simulated the conditions encountered in re-entering the 
earth’s atmosphere. 
 
The oxidation-resistant, fused-silicide slurry coatings described in the patent assigned to 
Priceman and Sama in 1970 have been used in the afterburner nozzle liners of the Pratt & 
Whitney Aircraft F-100 gas turbine engine, thrust chambers, thrust-chamber nozzle 
assemblies and nozzle extensions for liquid-fuelled rocket motors [17]. 
 
In the early 1970s, Packer and Perkins developed a slurry method for coating tantalum 
alloys for use in rockets [18]. Their intent was to improve the oxidation resistance of 
tantalum alloys, which have good mechanical properties above 1400°C, by diffusing 
silicon into the surfaces to form silicide phases, which oxidise to form protective silica 
scales. 
 
The silicide phases and silica scales were ductile at high temperatures, but brittle at low 
temperatures. The silicide coating had a higher expansion coefficient than the alloy 
substrate, and the coating went into tension upon cooling from the service temperature. 
The tensile stresses were relieved by the formation of hairline cracks from the surface of 
the coating toward the coating/substrate interface. Upon re-heating, the cracked coating 
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expanded and the cracks closed; however, oxidation of the crack faces prevented the closed 
cracks from healing by diffusion. Repeated heating and cooling caused further oxidation of 
the crack faces, the cracks widened and the coating eventually failed. 
 
For effective protection against oxidation, the silica scale required sufficient fluidity at the 
service temperature to flow into the cracks; however, the scale also had to resist flow due 
to gravity and high gas velocities. It was reported that pure silica scales were unable to 
flow below 1570°C; however, their viscosity was reduced in the presence of metal oxides 
which formed low-melting eutectics. An objective of the research was to regulate the 
viscosity of the protective oxide of a silicide coating on a Ta–10W alloy in order to protect 
against cyclic oxidation in atmospheres with low oxygen pressures. 
 
Various coating compositions were formulated. Most contained 30−80% silicon, and two 
other elements selected from the following list: iron, cobalt, titanium, manganese, 
chromium, vanadium, molybdenum, zirconium and hafnium. The slurries were prepared by 
blending high-purity elemental powders with an organic binder in a planetary ball mill, and 
applied by air-brush-spraying with multiple passes to a coating weight of 18−30 mg/cm2. 
The heat treatment was carried out at 1300−1400°C for 1 h in a vacuum. Resistance to 
cyclic oxidation at 1430 and 1540°C was evaluated in air at 13, 130 and 1300 Pa. Each 
cycle consisted of heating for 15 min, holding at temperature for 30 min and cooling for 
15 min to room temperature.  
 
Packer and Perkins found that manganese and titanium were the most effective additions to 
the silicide coatings; however, the use of these elements required special precautions. The 
volatilisation of manganese was minimised by heat-treating the coatings in a helium 
atmosphere. The oxidation of titanium was controlled by adding titanium hydride (TiH2) to 
the slurry; the hydride dissociated to titanium and hydrogen during the heat treatment. A 
Si-33Ti-2½Mn composition resulted in a coating with an outer layer composed of 
(Ti,Mn)5Si3 and (Ti,Mn)Si2, and an inner layer composed of (Ta,W)5Si3 and (Ta,W)Si2. In 
a cyclic oxidation test, this coating withstood more than 100 one-hour cycles between 
1430°C and room temperature. 
 
In order to satisfy the US Navy’s demand for fuel-efficient missiles, Packer continued to 
modify the oxidation-resistant silicide coatings on Ta–10W alloy substrates [19]. The use 
of a slurry comprising 60% silicon, 30% hafnium and 10% chromium enabled manifolds in 
solid-propellant-fuelled, hot gas generators to be operated at 1650°C. A disadvantage of 
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this slurry coating was the formation of molten hafnium and chromium silicides, which 
were shed from the surface, and interfered with moving parts located downstream. 
 
In an improved version of the coating, Packer et al. [20] decreased the amount of liquid 
phase formed on the coating surface, and eliminated the use of expensive and potentially 
hazardous hafnium. The modified slurry contained 52% metal powders, 45% lacquer and 
3% anti-settling agent. The metal powders comprised 80% silicon and 20% chromium; 
both with particle sizes below 45 µm. The lacquer consisted of 70% toluene, 15% xylene 
and 15% polymeric binder. The polymeric binder was isobutyl methacrylate11. The anti-
settling agent12 consisted of 80% toluene and 20% polyethylene wax. The slurry was 
applied to the exterior of the manifold by spraying; the interior was filled and drained. 
After drying, the heat treatment was carried out at 1400°C for 45 min in a vacuum oven to 
form a fused silicide coating. 
 
Above 1100°C, fused silicide coatings sometimes failed after contact with other materials, 
such as fragments of abradable seal which were removed from engine components and 
carried downstream. Priceman eliminated chemical and metallurgical interactions by 
depositing a ceramic top-coat on the silicide layer. A Nb-10W-2½Zr alloy was sprayed 
with a slurry containing Si-20Cr-20Fe powder in a nitrocellulose lacquer13. The air-dried 
coating was heat-treated at 1470°C for 1 h in a vacuum (0.013 Pa). The slurry-coated 
component was then grit-blasted, and plasma-sprayed in air with yttria-stabilised zirconia 
[21]. 
 
2.4. Slurry-coated graphite and carbon-carbon composites  
Slurry coating technology was used in the 1960s to form oxidation-resistant coatings on 
non-metallic materials. Lowell and Goton [22] of Union Carbide Corp. invented a slurry 
coating to prevent the oxidation of graphite components in nuclear reactors. The slurry 
contained equal amounts of finely divided silicon and silicon carbide in a suspending 
medium. It was applied by painting or dipping, dried in air and fired at 1415–1500°C for 
5−25 s in a vacuum (1.3 Pa). The coating was 125 µm thick, and consisted of a fine-
grained silicon matrix with evenly dispersed particles of silicon carbide. 
 
 
                                               
11
 Available as Elvacite 2045 from EI DuPont de Nemours & Co. 
12
 Available in liquid form as MPA 2000T from Rheox Inc., a subsidiary of NL Industries. 
13
 Described as Raffi and Swanson L-18 (pyroxylin) lacquer. 
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The National Aeronautics and Space Administration developed slurry coatings to protect 
composite materials in the space shuttle [23]. The heat shields in the nose cap and the 
leading edges of the wings were fabricated from carbon-carbon composites, which had 
high strength-to-weight ratios, but poor oxidation resistance. The slurry coating was 
developed as a low-cost alternative to the conventional method of protecting carbon-
carbon composites, which required a costly two-step process involving chemical vapour 
deposition of silicon carbide, followed by the infiltration of cracks in the silica film with a 
silicon-containing organic liquid14. 
 
The slurry consisted of 70% silicon and 30% nickel powders (with particle sizes less than 
45 µm) in a nitrocellulose lacquer. The slurry was applied with a conventional paint 
sprayer and dried in air. The heat treatment took place in a vacuum furnace (0.0013 Pa) for 
1 h at 1200°C, followed by 1 h at 1325°C. The coating was 250 µm thick; it consisted of 
nickel-silicon intermetallic phases and small crystals of silicon carbide [23]. 
 
In the 1990s, further research in to slurry-coated composite materials took place in a 
number of laboratories including General Atomics [24], Lockheed Missiles and Space 
[25], the United Technologies Research Centre [26] and NASA [27]. However, these 
developments are not covered in this review, which is directed toward the use of slurry 
coatings for protecting metallic materials at high temperatures. 
 
2.5. Slurry aluminides 
2.5.1. The use of slurry coatings in gas turbine engines 
In gas turbine engines, hot-section components may be susceptible to oxidation and 
molten-salt corrosion. Such components are often fabricated from nickel-based, or cobalt-
based, superalloys and protected with aluminide or MCrAlY coatings. The most 
economical methods of depositing aluminide coatings are pack cementation and out-of-
contact vapour-phase deposition. MCrAlY coatings are commonly applied by electron 
beam physical vapour deposition or vacuum plasma spraying [28]. However, slurry 
methods have been used to apply aluminide coatings, including silicon-modified and 
platinum-modified versions, and MCrAlY coatings. Such methods are described in 
Sections 2.6−2.9. 
 
 
                                               
14
 Tetraethylorthosilicate Si(OC2H5)4. 
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Gas turbine components, particularly those in aircraft engines, are overhauled regularly. In 
many cases, damage to a coating is localised and the area that requires repair is relatively 
small. In such cases, complete removal of the coating by acid-stripping and re-coating by 
the original method is inefficient, time-consuming and labour intensive. In addition, 
repeated stripping and replacement of the entire coating affects the critical dimensions of 
the component. As an alternative, a "patch" may be applied to the portion of the coating 
that requires repair. Slurry methods may be used to repair localised areas of corrosion or 
wear, or defects from the original coating process. 
 
Slurry coatings have not been much used for coating the entire surfaces of turbine blades, 
or repairing the leading and trailing edges. The reason is that the thickness of a slurry 
coating may vary significantly, depending on the skill of the operator and level of quality 
assurance. If the coating thickness is excessive, fatigue cracks can initiate at sites where 
localised stresses are high. 
 
Another use for slurry coatings in the gas turbine industry is to protect the hollow passages 
that transport internal cooling air in cast turbine blades and vanes with thermal barrier 
coatings. This topic is covered in Section 2.10. 
 
Most of the slurry coatings covered in this literature review have been designed to resist 
oxidation and corrosion at high temperatures. However, slurry coatings have also been 
applied for the purpose of resisting erosion and wear. For example, Reznik described a 
slurry method for producing an erosion-resistant composite coating on an alloy substrate 
[29]. The composite layer was composed of hard ceramic particles in an alloy matrix. The 
coating was used to protect jet engine components, such as compressor blades impacted by 
high-velocity dust particles. 
 
In Reznik’s method, a nickel-based brazing alloy powder (Ni-6½Cr-4½Si-3B) and titanium 
carbide powder, both with particle sizes smaller than 43 µm, were thoroughly mixed in a 
blender. A slurry containing 44% titanium carbide, 11% brazing alloy, 
22½% nitrocellulose binder15 and 22½% acetone solvent was prepared in a standard paint 
mixer, and sprayed onto a clean Type 410 stainless steel substrate. The slurry was dried in 
air to a thickness of 100 µm and heat-treated in a vacuum furnace at 1010°C for 15 min. 
The heat-treated substrate was cooled to room temperature, sealed in polyethylene film16 
                                               
15
 L-18 lacquer from Raffi and Swanson (see footnote 13). 
16
 Visten bags manufactured by Union Carbide. 
                                                                                                                                               2: Literature review 
 
 
44 
and hydrostatically pressed at 1.38 x 108 Pa for 2 min to compact the coating. After 
pressing, the plastic film was removed and a second layer of slurry was applied; the second 
layer did not contain any titanium carbide particles in the brazing powder. The second 
layer was air-dried to a thickness of 175 µm and vacuum-heat-treated at 1000°C for 30 min 
to form a two-layer composite coating. The composite layer contained 27% titanium 
carbide in a nickel-based alloy matrix; the structure was similar to that of a cemented 
carbide. The erosion resistance was tested with a conventional grit blaster, and found to be 
significantly higher than uncoated Type 410 stainless steel, particularly at impact angles 
near 90°. 
 
2.5.2. Slurry aluminide coatings 
In the 1970s, Grisik, of the General Electric Company, invented a slurry method for 
repairing aluminised components in gas turbine engines [30]. The slurry contained 
particles of Fe2Al5 and FeAl3 with a size range of 45−150 µm. The powder was mixed with 
a commercial brazing product containing an acrylic resin binder, which decomposed upon 
heating without leaving a substantial residue. The slurry was heat-treated at a moderate 
temperature so that the properties of brazed components were not adversely affected. 
 
In cases where close control of the coating thickness was not required, the slurry was 
applied directly to the substrate from which the original coating had been stripped. In cases 
where close control of the coating thickness was desired, the slurry was mixed with the 
consistency of paste. The paste was applied to a flexible polyethylene backing strip 
attached to a rigid plate which prevented fragmentation. The paste was then spread to the 
required thickness and heated to partially volatilise the binder, leaving a pliable tape with 
constant density and uniform thickness, typically 250–750 µm. A portion of the tape was 
then cut to an appropriate size and bonded to the area of the component from which the 
original aluminide coating had been stripped. The bond was made with acrylic resin 
cement having similar properties to the binder. 
 
The component was heat-treated in a hydrogen-argon atmosphere at 980−1010°C for 4 h in 
the presence of an ammonium fluoride activator. The coating was not formed by fusion of 
the slurry as the iron-aluminium powder did not melt during the heat treatment. Instead, the 
coating was formed by chemical vapour deposition. The iron-aluminium powder acted as a 
source of aluminium; gaseous aluminium halides were formed and aluminium was 
transferred to the clean substrate surface. Iron was not transferred from the powder to the 
coating. After cooling, the residual powder was brushed from the coated surface. 
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Grisik’s method was used to make patch repairs on aluminised Rene 80 (Ni-14Cr-9Co-5Ti-
4W-4Mo-3Al) and X-40 (Co-25Cr-10Ni-7W) substrates. Tests were carried out to assess 
the resistance of the patched coatings to oxidation, sulphidation, molten-salt corrosion and 
thermal fatigue. It was found that the patched coatings behaved in much the same manner 
as the original pack aluminides. 
 
Another method for making localised repairs to damaged aluminide coatings was devised 
in the mid 1970s by Cork et al., at Rolls Royce Ltd. [31]. The coating was tested on a gas 
turbine blade fabricated from wrought alloy Nimonic 105 (Ni-20Co-15Cr-5Mo-5Al). The 
surface was prepared by grit-blasting with alumina, followed by removal of dust with 
compressed air and degreasing in trichloroethylene vapour. The slurry contained 200 g of 
45Co–55Al alloy powder, with a particle size of 30–150 µm, and 770 g of ammonium 
chloride activator in a lacquer composed of 150 g of xylene with 40 vol.% polybutyl 
methacrylate binder. 
 
The viscosity of the slurry was carefully adjusted by addition of solvent. The blade was 
immersed in the slurry and withdrawn at a controlled rate of 20 cm/min. The coated blade 
was dried in air for 30 min to evaporate the solvent. The blade was immersed and 
withdrawn for a second time, and dried in air for 1 h. The organic resin binder was 
removed in the heat treatment in argon, at 1000°C for 1½ h. The metal powder and 
ammonium chloride reacted to form aluminium chloride vapour, which decomposed upon 
contacting the substrate. Aluminium was deposited and diffused into the surface to form an 
aluminised layer. 
 
After cooling in argon, the coated blade was brushed and immersed in boiling 5% citric 
acid solution to remove the excess aluminising mixture from its surface. A metallurgical 
cross-section revealed that the coating consisted of two layers. The outer aluminide layer 
was 40−50 µm thick; the inner layer was rich in carbides and approximately 8 µm thick. 
Raising the heat-treatment temperature lowered the aluminium content of the outer layer, 
and thickened the inner layer. The coating thickness was uniform, even on surfaces with 
complex shapes. 
 
In the aero-engine industry, a number of slurry-aluminised coatings are available for 
repairing coatings that were originally applied by pack aluminising or out-of-contact 
vapour-phase aluminising. These are typically formed from slurries containing an 
intermetallic powder, e.g. Co2Al5, and a halide activator, e.g. lithium fluoride, and heat-
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treated around 1080°C for about 4 h: examples include PWA 545 tape17 and 
Chromalloy RT-918 brush or spray coating. 
 
2.5.3. Silicon-modified slurry aluminides 
Aluminide coatings are susceptible to corrosion by molten sodium salts (molten Na2SO4 or 
Na2SO4/NaCl mixtures) and the acidic oxides of molybdenum, tungsten or vanadium; 
however, the resistance of aluminide coatings to molten-salt corrosion may be improved by 
incorporating silicon. Silicon slows the diffusion of sulphur in alloys and, unlike 
aluminium, does not form sulphides. 
 
In 1974, Smialek used silicon-rich slurries to coat a number of nickel-based alloys [32]. 
The slurries were prepared from nickel powder (~2½ µm), silicon powder (<45 µm) and 
aluminium powder (<53 µm). Compositions included nickel-silicon Ni–49Si, aluminium-
silicon Al–80Si, Al–60Si, Al–40Si and Al–20Si. The slurries were air-brush-sprayed onto 
the substrates and air-dried. Heat treatment was carried out at 1150°C for 5 h in a titanium-
gettered vacuum (0.00013 Pa). X-ray diffraction revealed that the dense diffusion coatings 
were composed largely of nickel aluminides, NiAl and NiAl3, and a silicide compound 
identified as G-phase [Ni16(Cr,Ti)6Si7]. 
 
The coated alloys were subjected to oxidation tests in air, with hourly temperature cycles 
between 1100°C and 150°C. Coatings formed from the Al–60Si slurry had better oxidation 
resistance than coatings formed from the other slurries. Coatings that were 160 µm thick 
lasted 1000 h; coatings that were 120 µm and 33 µm thick lasted 600 and 300 h 
respectively. The oxidation products were composed chiefly of alumina and spinel phases, 
rather than silica or silicates. Alloys with high molybdenum or tungsten contents formed 
coatings without the G-phase and performed poorly in the oxidation tests.  
 
Smialek carried out stress-rupture tests at 980°C to find out whether the mechanical 
properties of Inconel 100 (Ni-15Co-10Cr-5½Al-5Ti-3Mo) were affected by inward 
diffusion of silicon from the Al–60Si slurry coating. The stress-rupture life of the coated 
alloy was found to be approximately one half that of the as-cast alloy. The decrease was 
attributed to the heat treatment used in forming the coating; there was no additional 
degradation due to the diffusion of silicon into the substrate, or to the formation of low-
melting nickel-silicon eutectic phases. 
                                               
17
 A repair method that meets the specifications for Pratt & Whitney Aircraft engines. 
18
 A proprietary brush or spray coating of Chromalloy Gas Turbine Corp. 
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Deadmore and Young invented an aluminised silicon slurry coating for protecting vanes 
and blades in aircraft and land-based gas turbine engines [33]. Their objective was to find a 
cheaper alternative to platinum aluminides or PVD MCrAlY coatings. This was 
accomplished by applying a slurry containing silicon powder, and heat-treating under 
pack-aluminising conditions. 
 
Two nickel-based superalloy substrates were selected: B-1900 (Ni-10Co-8Cr-6Al-6Mo-
4Ta) and NASA VI-A (Ni-9Ta-7Co-6Cr-6W-5Al-2Mo). After wet-grit-blasting, the 
specimens were cleaned in alcohol and acetone. The slurry was made from silicon powder 
(99.9% purity) with a particle size less than 45 µm. The lacquer was a cellulose nitrate 
solution. The slurry contained 4 g of silicon per 10 ml of lacquer, and was applied by air-
brush-spraying. The sprayed specimens were dried in air for 24 h. The coating was 
completed by aluminising in a pack composed of 98% alumina, 1% aluminium powder and 
1% sodium chloride. The pack was heated in an argon atmosphere at 1100°C for 16 h. 
 
The coated coupons performed better than conventional PVD MCrAlY and platinum 
aluminide coatings when tested for resistance to oxidation, thermal fatigue and molten-salt 
corrosion. The improved properties were attributed to the formation of oxidised silicon 
compounds in the protective alumina scale. 
 
The first commercial aluminium-silicon slurry coating was SermaLoy® J, developed by 
Rolls-Royce Plc. and Sermatech International Inc. [34]. It was reported to have better 
resistance to sulphidation and low-temperature molten-salt corrosion than conventional 
aluminide coatings. SermaLoy® J has been widely used for touching-up pack aluminides 
and MCrAlY overlays on nickel-based and cobalt-based superalloys, and austenitic 
stainless steels in marine and industrial gas turbines. 
 
The SermaLoy® J slurry contained 35% aluminium powder, 6% silicon powder and 12% 
phosphate-chromate binder, dissolved in 47% water. The slurry was applied by spraying 
and dried at 80°C for at least 15 min; the inorganic binder was then cured for 30 min at 
350°C. The aluminium powder melted in the two-hour heat treatment at 870°C and the 
silicon powder dissolved in the molten aluminium; both species diffused into the substrate 
forming aluminide and silicide phases. The aluminium reacted selectively with nickel to 
form β-NiAl; the silicon reacted preferentially with chromium to form CrSi2 in a layered 
microstructure. 
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The SermaLoy® J coating had some limitations. At high temperatures the silicides 
coarsened and small cracks developed in the silicide-rich outer layer. After lengthy service, 
the cracks allowed corrosive species to reach of the inner part of the coating and the 
underlying alloy. The corrosion resistance of the coating was poor on alloys containing less 
than 16% chromium. 
 
Meelu improved the corrosion resistance of SermaLoy® J by applying the coating in a 
series of layers to lower the silicon content in the outer part of the coating [35]. The slurry 
was sprayed onto a degreased, grit-blasted, nickel-based substrate, dried at 80°C for at least 
15 min, and cured for 30 min at 350°C. After cooling, the coating thickness was built up 
by applying, drying and curing a second layer of slurry. The heat treatment was carried out 
in argon at 870°C for 2 h; the non-diffused residue was removed by low-pressure grit-
blasting with alumina particles. Two additional layers of slurry were applied, dried and 
cured, and a second heat treatment was carried out to form a two-layer coating. After 
cooling and removing the residue, two more coats of slurry were applied, dried and cured; 
a third heat treatment took place to form a three-layer coating. The finished coating was 
lightly grit-blasted and examined in cross-section. The total thickness of the three layers 
was about 80 µm. The silicide and aluminide phases were arranged in bands parallel to the 
coating/substrate interface. Thin CrSi2-rich bands, containing 4−11% silicon, were 
sandwiched between thicker β-NiAl-rich bands, containing more than 30% aluminium. A 
thin layer of carbides was present at the coating/substrate interface. The coating resisted 
cracking and penetration when tested in molten sodium sulphate/chloride at 950°C. The 
boundaries between the aluminide and silicide phases seemed to act as barriers to the 
diffusion of metallic species through the coating. 
 
After increasing the number of layers in the coating, Meelu made a further improvement 
by introducing chromium [36]. The modified slurry consisted of 44% metallic elements, 
19% inorganic binder and 37% water carrier. The metallic powders comprised 
72% aluminium, 13% silicon and 15% chromium. The aluminium and chromium particles 
were less than 5 µm in size; the silicon particles were less than 45 µm. The constituents of 
the inorganic binder were 66% phosphoric acid, 19% chromic acid and 15% magnesium 
oxide. The slurry was applied to nickel-based Inconel 738 (Ni-16Cr-8½Co-3½Ti-3½Al-
2½W-1½Mo-1½Ta) and cobalt-based X-40 (Co-25Cr-10Ni-7W) with an air-atomising 
spray gun. The substrates had been prepared by degreasing in hot 1,1,1-trichloroethane 
vapour, followed by blasting with alumina grit (130–160 µm) at 138 000 Pa and ultrasonic 
cleaning to remove residual grit. The applied layer was dried for 15 min at 80°C and cured 
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for 30 min at 350°C. After curing and cooling, additional layers of slurry were applied 
until the mass per unit area of the cured slurry was 24–27 mg/cm2. The heat treatment was 
carried out at 885°C for 2 h in an inert atmosphere. Some constituents of the inorganic 
binder were expelled during heat treatment; however, others remained on the surface of the 
coating, forming an inorganic residue which was removed from the cooled component by 
brushing, or light blasting with glass beads. The final thickness of the diffused coating was 
80−90 µm. The introduction of chromium, a strong silicide former, led to a more uniform 
distribution of silicide phases in the coating. The outer layer of the original SermaLoy® J 
coating contained 30−40% silicon; the outer layer of the modified version had less than 
25% silicon and was more resistant to cracking in service. 
 
In a modification of Meelu’s improved coating, the aluminium and silicon powders were 
replaced with pre-alloyed, eutectic powder (88.2Al−11.8Si). The pre-alloyed powder was 
more effective at combining with chromium during the heat treatment, and improved the 
dispersion of chromium silicide phases in the coating. The final coating microstructure 
comprised a silicide-rich outer layer, an adjacent layer of interspersed silicide and 
aluminide phases, an inner aluminide layer, and a band of precipitates along the 
coating/substrate interface. Meelu’s work led to the introduction of the commercial coating 
Sermaloy® 1515, which has been used as a low-cost alternative to platinum aluminides on 
single-crystal first-stage rotor blades, and on the external surfaces of first-stage nozzles. 
 
Moravek et al. invented an alternative method for applying aluminium-silicon slurry 
coatings to gas turbine blades [37]. An alkyd binder in an environmentally acceptable 
volatile carrier was used instead of an inorganic phosphate-chromate binder. The slurry 
was composed of 50% metallic powder and 50% silicone alkyd paint19. The composition of 
the metallic particles was Al−12Si, and their size was less than 45 µm. The slurry was 
prepared by slowly adding the alloy powder to the paint, and mixing continuously for 
approximately 2 h, until there were no bubbles or agglomerates present in the slurry. In 
order to remove trapped air from the slurry, the mixing vessel was evacuated to 32 000 Pa 
for 15−20 s, approximately 30 times.  
 
Moravek’s superalloy substrates were cleaned by sand-blasting and dipped in the slurry, 
which was allowed to drip from selected edges and points, and left to dry for one hour at 
                                               
19
 Described as aluminium heat-resistant enamel, made by Benjamin Moore Paints, for protecting  
    steels from severe weather conditions and temperatures up to 425°C.  
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room temperature. As the liquid carrier evaporated, oxidation and cross-linking of the 
binder formed a tough polymer film, which held the alloy particles on the surface of the 
substrate. The heat-treatment furnace was pumped below 133 Pa for 30 min, filled to 
atmospheric pressure with argon and heated to 840°C for 30 min. After cooling, the coated 
parts were vacuum-heat-treated at 1080°C for 30 min to improve the diffusion bond 
between the coating and the substrate. 
 
2.5.4. MCrAlY slurry coatings 
FeCrAlY coatings can not be applied to nickel-based alloys by the conventional fused 
slurry method because the melting point of the FeCrAlY powder exceeds the melting point 
of the substrate. Maxwell and Gabriel, of United Aircraft Corp., lowered the melting point 
of FeCrAlY powder by alloying with silicon, and prepared a slurry by dispersing 50 vol.% 
of the milled, pre-alloyed Fe-25Cr-15Si-10Al-1Y particles (<38 µm) in a nitrocellulose-
based lacquer [38]. The slurry was sprayed onto a clean, degreased, nickel-based 
superalloy with an aluminium content of 8%. After drying in air for 4 h, the layer of slurry 
was heat-treated at 1150°C for at least 15 min in a vacuum, or hydrogen atmosphere, to 
form a diffused coating with a thickness of 100−175 µm. The coating was tested in the seal 
flaps of a jet engine afterburner, and showed good resistance to oxidation, sulphidation, 
erosion and thermal shock. However, the service temperature was approximately 110°C 
lower than the normal service temperature of an equivalent, silicon-free FeCrAlY coating. 
 
Wydra et al. [39] developed a simple and cost-effective slurry method for applying 
MCrAlY-type coatings to gas turbine blades made from nickel-based and cobalt-based 
superalloys. The powder contained 75% MCrAlY (where M denotes a mixture of nickel 
and cobalt) and 25% aluminium. The metallic particles (5−120 µm) were mixed in a 30% 
chromate-phosphate solution. The slurry was applied by brushing, and the inorganic binder 
was hardened at 350°C. Heat treatment was carried out at 1060°C for 2 h in an argon 
atmosphere to form a diffusion coating that resisted oxidation and high-temperature 
corrosion. 
 
Hasz and Sangeeta, of the General Electric Company, described a slurry method for 
applying or replacing the MCrAlY bond-coat on a nickel-based superalloy [40]. In the 
repair method, the damaged ceramic top-coat and the existing bond-coat were removed 
before applying the slurry to the grit-blasted, ultrasonically cleaned substrate. 
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In one version of Hasz’s method, the slurry contained 40% brazing powder (Ni-19Cr-
10Si), 40% bond-coat powder (Ni-22Cr-9Al-1Y), 10% water carrier and 10% polyethylene 
oxide binder. The brazing powder had a particle size less than 150 µm; the bond-coat 
powder had a particle size greater than 150 µm as the larger particles roughened the 
coating surface, and improved the adhesion of the ceramic top-coat. A layer of slurry, with 
a wet thickness of 125 µm, was brushed onto the selected area and air-dried for 12 h. The 
brazing alloy was melted, and the remaining volatile species were removed, by heat 
treatment at 1100–1200°C for 1 h in a vacuum furnace. 
 
In another version of Hasz’s method, the slurry comprised 80% brazing alloy powder (Ni-
19Cr-10Si), 10% binder (polyethylene oxide) and 10% carrier (water). A 125-µm layer of 
slurry was applied and dried in air for 14−16 h. An adhesive layer of ethyl methacrylate in 
trichloroethane20 was applied on top of the dried slurry, and the bond-coat powder (Ni-
22Cr-9Al-1Y) was sprinkled onto the adhesive. Excess NiCrAlY powder was blown from 
the surface before the heat treatment. 
 
After heat treatment, both versions of the coating were air-plasma-sprayed with 
250−300 µm of yttria-stabilised zirconia top-coat. Good resistance to cracking, 
delamination and oxidation at the bond-coat/substrate interface was exhibited in furnace 
tests at 1093°C with thermal cycles of 45 min to room temperature. Hasz’s coatings, with 
or without the top coat, lasted approximately three times as long as a conventional air-
plasma-sprayed NiCrAlY bond-coat with similar composition and thickness. 
 
2.5.5. Platinum aluminide slurry coatings 
In the late 1990s, patents were issued to McMordie for combining a platinum aluminide 
and a silicon-modified aluminide in a single coating [41, 42]. This invention was used to 
protect superalloys components, used in the hot section of gas turbines, against molten-salt 
corrosion. 
 
In the first step, 3–5 µm of platinum was electro-deposited, and diffused into a nickel-
based substrate by heating at 1080°C for 4 h in a vacuum (<10 Pa). In the second step, a 
diffused aluminium-silicon slurry coating was formed on the platinum-enriched substrate. 
The slurry contained 82 g of aluminium powder (<5 µm diameter), 14.5 g of silicon 
                                               
20
 Nicrobraz® liquid plastic adhesive available in a range of viscocities for application by brush, syringe, eye 
dropper or spray gun from Wall Colmonoy Corp. 
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powder (<45 µm), 47.8 g of inorganic binder and 95 ml of water. The constituents of the 
binder were 31.5 g of phosphoric acid, 9 g of chromic acid and 7.3 g of magnesium oxide. 
 
The coating was applied by spraying, dried at 80°C for 15 min and cured at 350°C for 
30 min. After cooling, additional layers of slurry were sprayed, dried and cured to build up 
15−18 mg/cm2. The heat treatment was carried out at 885°C for 2 h in a vacuum (<10 Pa). 
The diffused coating was 50−60 µm thick and comprised three layers: an outer layer 
composed of platinum aluminide and chromium silicide; a middle layer containing 
chromium silicide and nickel aluminide; and an inner layer consisting of nickel aluminide. 
 
McMordie claimed that the platinum-enriched, silicon-modified aluminide coating 
improved the corrosion resistance of substrates containing refractory metals. Molybdenum 
and tungsten increased the high-temperature strength of nickel-based alloys, but could 
initiate self-propagating molten-salt corrosion, or disrupt protective scales by forming 
bulky oxides. The silicon in the slurry coating reacted with refractory elements in the 
substrate to form stable silicides. Molybdenum and tungsten were scavenged from the 
aluminides of nickel and platinum, and their adverse effects were diminished [41]. 
 
In 2002, Sangeeta described a slurry method for repairing platinum aluminides that had 
been damaged in service [43]. In this method, three slurries were use to repair a platinum 
aluminide coating on a nickel-based alloy. The three slurries contained: 
i. 38% aluminium and 4% silicon in an aqueous phosphate-chromate binder21; 
ii. 40% nickel (average particle size 10 µm) in a mixture of water and ethanol; 
iii. 65% platinum (average particle size less than 8 µm) in terpineol carrier22. 
 
The three slurries were thoroughly combined in a paint mixer for about 30 min. The mixed 
slurry contained 18% aluminium, 19% nickel and 63% platinum. The carrier in the third 
slurry was terpineol23, which maintained the platinum particles in suspension due its 
relatively high density. The mixture was diluted with ethanol to make the water-based and 
solvent-based slurries compatible, and to adjust the slurry viscosity for application. The 
slurry was sprayed onto the selected area of the clean substrate, from which the damaged 
original coating had been chemically removed. The slurry was applied in a series of three 
to five sub-layers. Each sub-layer was dried in air at 400°C for 30 min before applying the 
                                               
21
 Alseal 625 from Coatings for Industry Inc. recommended for application to nickel-based substrates with  
     standard paint spray equipment; resists oxidation and erosion after diffusion heat treatment. 
22
 A6101XA platinum paint available from Engelhard Corp. 
23
 Terpineol (C10H17OH) is a slightly viscous clear liquid derived by distilling pine oil; boiling point ∼220°C. 
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next. The heat treatment took place at 900−1000°C for 30−60 min in a non-oxidising 
atmosphere. The repaired coatings were 25−100 µm thick; the thinner coatings were more 
uniform than the thicker coatings. 
 
In a related patent, Sangeeta described a two-step process for repairing platinum aluminide 
coatings [44]. In the first step, two layers of slurry containing 65% platinum, terpineol 
solvent and various organic binders were sprayed onto the substrate. After each 
application, the layer was heated in an oven for 15 min at 150°C to evaporate the carrier, 
followed by 30 min at 300°C to cure the binder. Heat treatment at 1000°C for 30 min in an 
argon atmosphere resulted in the formation of a diffused platinum layer approximately 
2 µm thick. 
 
In the second step, a slurry containing 38% aluminium and 4% silicon in an aqueous 
phosphate-chromate binder was sprayed onto the platinum-coated substrate. The wet 
thickness of the layer was 25−50 µm. After drying in air at 80°C for 10 min, two additional 
layers were applied and dried. The binder was cured at 260°C for 10 min in air, and the 
heat treatment was carried out in argon at 1090°C for 4 h. The two-step procedure resulted 
in a platinum aluminide coating with a thickness of 50−100 µm. 
 
2.5.6. Slurry-coated internal cooling passages in gas turbine components 
Turbine blades and vanes are often cast with hollow internal passages for transporting 
cooling air. A cooling passage is generally circular in cross-section and its length is many 
times greater than its diameter. A passage may be straight or curved, perhaps with a 
complex contour or serpentine geometry.  
 
Oxidation-resistant coatings are applied in engines where the temperature of the cooling air 
is sufficient to oxidise the internal passages. In aeronautical gas turbine blades, the cooling 
cavities have narrow openings and the internal surfaces are difficult to coat by pack 
aluminising. To overcome this problem, Martinengo and Carughi developed a slurry 
aluminising process which was easier to automate than pack cementation and wasted less 
coating material [45]. 
 
Two slurries were used to prepare the coating. The first contained 77% chromium powder, 
4% aluminium powder, 4% yttrium hydride and 15% lacquer. The average particle sizes of 
the metals and activator were 2 and 5 µm respectively. The hydride (Y2H5) was prepared 
from yttrium shavings and ground until the particle size was comparable with the metal 
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particles. The lacquer comprised 20% cellulose acetate binder dissolved in 80% acetone 
carrier. The second slurry contained 80% aluminium, 5% ammonium chloride activator 
and 15% of the same lacquer.  
 
The two slurries were applied by immersing nickel-based superalloys with internal cooling 
cavities that were 1.5 mm in diameter. The layer of the first slurry was three times as thick 
as the layer of the second. During the three-hour heat treatment in an inert atmosphere at 
1000°C the hydride dissociated and released yttrium into the coating for the purpose of 
improving the oxidation resistance. The final coating was 50−90 µm thick and resisted 
oxidation in air at 1100°C, thermal fatigue between 1200°C and 200°C, and corrosion at 
950°C in combustion gases derived from sulphur-rich diesel oil contaminated with sodium 
chloride and vanadium pentoxide. 
 
In the early 1990s, Milaniak et al. of United Technologies Corp. invented an improved 
method for coating the convoluted internal cooling passages of gas turbine components 
[46]. The slurry comprised 15% cobalt aluminide powder (Co2Al5), 5% alumina powder, 
3% ammonium chloride, 2.7% methylcellulose binder and 74.3% water. The cobalt 
aluminide was used as a source of aluminium. The purpose of the halide compound was to 
transport aluminium to the surface of the substrate. The inert alumina particles separated 
the alloy particles and prevent sintering, which would have reduced the surface area of the 
aluminium source material, causing the coating to form more slowly and less uniformly. In 
addition, a sintered residue would have been difficult to remove from the narrow cooling 
passages at the end of the coating process. 
 
The solid materials were fed from a hopper into a rotary blender, and mixed thoroughly 
with an air-powered stirring device. Water was added to the dry ingredients and stirring 
was continued. A partial vacuum was drawn on the blender to minimise the formation of 
air bubbles in the slurry. After stirring for 30 min, the slurry was sufficiently viscous to 
inject into the cooling passages, yet sufficiently fluid to fill the cooling passages without 
forming air bubbles. 
 
After mixing, air was forced into the blender causing the slurry to move through a flexible 
hose attached to an injection needle. The needle was inserted into the bottom end of a 
cooling passage in a turbine blade. Tape was placed over the top end of the cooling 
passage to prevent the slurry from flowing out; a small hole was poked through the tape 
allowing trapped air to escape. The bottom end of the slurry-filled passage was sealed with 
                                                                                                                                               2: Literature review 
 
 
55 
a rubber stopper, and the slurry-filled component was heated to 75°C for 2 h to dry the 
slurry. Aluminium was subsequently deposited and diffused in a four-hour heat treatment 
in a reducing atmosphere at 760°C. After cooling, the coating residue was removed from 
the cooling passages by blasting with compressed air and flushing with water. The coating 
was then given a further diffusion heat treatment at 1100°C for 4 h. 
 
The slurry coatings formed by Milaniak’s method were relatively thick and brittle, and 
their use was restricted to the internal passages of the cooler low-pressure sections of gas 
turbine engines. However, in the late 1990s, Bose et al. invented a slurry method for 
coating the internal surfaces of airfoils in the hotter high-pressure sections [47]. Bose’s 
method was compatible with out-of-pack chemical vapour deposition, allowing the internal 
passages and external surfaces of airfoils to be coated at the same time. The invention 
precluded the use of forced argon flow and specialised plumbing assemblies to pass 
chemical vapours through the internal passages. 
 
The slurry powder consisted of 75−80% alumina, 15−20% alloy powder (55Cr−45Al) and 
2.5−5% aluminium fluoride. The powder was mixed with 80 g of cellulose-based binder24 
dissolved in 2300 cm3 of water. The slurry was injected into the internal passages and 
baked at 565°C for 1 h, to remove the water and harden the slurry into a solid layer. 
 
The heat treatment at 1080°C for 4−10 h was combined with simultaneous aluminising of 
the external airfoil surfaces by out-of-pack chemical vapour deposition. An additional 
diffusion treatment followed at 1080°C for 4−7 h. The coated nickel-based superalloy 
components were precipitation hardened at 705–870°C for 12−32 h. The finished coatings 
were uniform and 35−50 µm thick. 
 
In 2002, Park et al. of the General Electric Company disclosed a method for coating the 
internal passages of turbine engine components in which the slurry was manually 
dispensed from the tip of a plastic dropper [48]. The nominal composition of the slurry was 
38% aluminium, 4% silicon, and 58% aqueous solution of phosphate (15−25%) and 
chromate (1−6%). The average diameter of the particles was about 7 µm and the slurry 
viscosity about 20 centipoises.  
 
 
                                               
24
 Methocel® manufactured by Dow Chemical Company. 
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Applying too much slurry resulted in coatings with non-uniform thickness and smoothness; 
however, draining excess slurry from long passages under the influence of gravity proved 
difficult. Surplus slurry was removed more effectively by blowing compressed air through 
the passages; the flow rate was carefully adjusted to avoid excessive thinning of the 
applied layer.  
 
The applied slurry was dried to evaporate the liquid medium in ambient air at 80°C for 
10 min. In cases where thicker coatings were required, the process of applying the slurry, 
blowing with compressed air, and drying was repeated up to six times. Drying was 
followed by baking at 260°C for 10 min in air to set the phosphate-chromate binder; the 
baked layer had sufficient strength to be cut and examined for uniformity and thickness. 
The final heat treatment to form a dense diffusion coating was carried out at 1100°C for 
4 h in argon. 
 
In 2005, Graham et al. of General Electric Company described a slurry method for 
aluminising the internal cooling holes of a gas turbine component after a thermal barrier 
coating had been deposited on the external surface [49]. Such a method was necessary 
because the cooling holes were partially blocked when the thermal barrier coating was 
deposited after the cooling holes were aluminised; re-opening the cooling holes with a 
machining operation shortened the life of the thermal barrier coating. Graham’s method, 
like Park’s method, used a slurry containing 38% aluminium and 4% silicon in a 
phosphate-chromate solution25. The coating was formed by fusion of the powder contained 
in slurry; halide vapours were not generated as the alumina scale on the MCrAlY bond-
coat would have been attacked, causing the ceramic top-coat to spall. 
 
The method was tested on coupons of single-crystal nickel-based-superalloy GTD-111 (Ni-
14Cr-10Co-5Ti-4W-3Ta-3Al). One side of each coupon had been coated with a vacuum-
plasma-sprayed MCrAlY bond-coat and an air-plasma-sprayed, yttria-stabilised-zirconia 
top-coat. The slurry was applied with a thickness of 0.5−2.0 mm, dried overnight at room 
temperature and cured at 320°C for 30 min. The heat treatment was carried out at 1065°C 
for 2 h in an evacuated retort to form diffusion coating 50−100 µm thick. 
 
The slurry-aluminised coupons and non-aluminised coupons were cycled between room 
temperature and 1090°C until approximately 10% of the surface area of the thermal barrier 
                                               
25
 Alseal 625 available from Coatings for Industry Inc. (see footnote 21). 
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coating had spalled. The performance of the two sets of coupons was similar; hence, it was 
concluded that the slurry coating process had not damaged the thermal barrier coating. 
 
Graham’s slurry aluminising method has been used on high-pressure and low-pressure 
turbine nozzles, blades and shrouds. The method has also been used to repair exposed 
bond-coats after localised spalling of ceramic top-coats; components have been refurbished 
without stripping and re-applying the entire coating. 
 
2.5.7. Slurry aluminising as an alternative to chemical vapour deposition  
Until the end of the 20th century, fused-slurry aluminising and vapour-slurry aluminising 
were only used in the gas turbine industry for protecting internal cooling passages and 
making localised repairs. Pack cementation and out-of-contact vapour-phase aluminising 
were preferred to slurry methods for coating the surfaces of airfoils, where upper and lower 
limits on coating thickness were prescribed by industrial specifications. In 2000 and 2002, 
Kircher et al. of Sermatech International Inc. patented a halide-activated slurry method for 
producing aluminide layers of sufficient uniformity to coat the airfoil surfaces of hot-
section gas turbine components [50, 51].  
 
Kircher’s slurry comprised 72% 70Cr−30Al alloy powder, 4% lithium fluoride activator, 
22% solvent (N-methyl pyrrolidone26) and 2% cellulose-based binder27. The particle sizes 
of the alloy and halide powders were less than 75 and 45 µm respectively. The slurry was 
stirred to prevent its constituents from settling and applied to a nickel-based-superalloy 
turbine blade by dipping. The first layer of slurry was dried with warm air in a convection 
oven at 150°C and a second layer was added. The final thickness of the two layers of dried 
slurry was 1.0−1.25 mm. 
 
The heat treatment was carried out at 1080°C for 4 h in an argon-hydrogen atmosphere to 
form an inwardly diffused aluminide coating with a thickness of 60−70 µm, and an 
aluminium content of approximately 34%. After the heat treatment, the unreacted slurry 
residue was removed from the coated surface by wire-brushing, glass-bead-blasting or 
high-pressure water-jetting. 
 
Kircher’s invention had a number of advantages over existing aluminising technologies, 
particularly pack cementation: 
                                               
26
 N-methyl pyrrolidone a stable polar solvent that dissolves many polymers e.g. cellulose derivatives. 
27
 Klucel® L-grade, manufactured by Hercules Inc. 
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i. it was a continuous process rather than a batch processes; 
ii. it consumed smaller quantities of raw material;  
iii. it did not require the handling or disposal of hazardous metallic dust; 
iv. it did not require a post-coating heat treatment to restore the microstructure of the 
substrate after slow cooling in a large mass of powder; 
v. it eliminated the need for masking compounds, or mechanically-fastened metal 
masks, to prevent aluminising vapours from contacting the root attachments of 
turbine blades which were subjected to high cyclic stresses in service. 
 
Commercial slurry-aluminised coatings based on Kircher’s invention have become 
available under the trademark SermAlcote™ from Sermatech International, Inc. It has been 
claimed that the vapour-slurry coatings are more uniform than conventional fused-slurry 
coatings, and can be used as alternatives to pack aluminides and vapour-phase aluminides. 
The process has been developed to meet commercial specifications for aluminide coatings, 
platinum-modified aluminide coatings and over-aluminised MCrAlY coatings. 
 
2.5.8. The use of slurry coatings in the processing of hydrocarbons  
In 1985, Krutenat of Exxon Corp. patented a corrosion-resistant, aluminium-silicon slurry 
coating for use on austenitic furnace tubes [52]. The coating was applied to Types 304, 
316, and 347 stainless steels, and was reported to be suitable for a wider range of alloys, 
including Alloy 800H (Fe-32Ni-21Cr), cast HK (Fe-25Cr-20Ni-0.4C) and HP (Fe-25Cr-
35Ni-0.4C) alloys. 
 
The constituents of the slurry were 40% silicon powder, 6% aluminium-silicon eutectic 
powder and 54% lacquer. The particle size of both powders was less than 45 µm. The 
lacquer28 consisted of 5−25% ethyl methacrylate binder in 75−95% trichloroethane solvent. 
The slurry was centrifuged onto the internal diameter of a tube that was rotated in a lathe at 
16 revolutions per min; air was blown through the tube to dry the slurry. The tube was then 
packed with rounded silica granules (400–600 µm diameter), 5% aluminium powder, 
5% silicon powder, 1% sodium chloride and 1% silicone oil compound29. The primary 
purpose of the packing was to displace air from the tube and provide an effective reducing 
environment for the heat treatment; the silicone oil contributed by decomposing to volatile 
silicon-containing species and hydrogen-rich gases. The secondary purpose was to improve 
                                               
28
 Available as Nicrobraz® Cement from Wall Colmonoy Corp. (see footnote 20). 
29
 Tris (tributoxy siloxy) methyl silane − a complex molecule with a silicon-oxygen backbone. 
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the quality of the coating by generating aluminium chloride and silicon chloride vapours, 
which provided a chemical-vapour-deposition effect. 
 
The binder was decomposed at 340°C for 1 h, and the coating was heat-treated at 
900−1000°C for 1−2 h. During the heat treatment, solid particles of silicon were retained 
in a molten aluminium-silicon eutectic. The finished coating had a uniform aluminide-
silicide microstructure and a thickness of 80−90 µm. After removing the packing material, 
which did not sinter during the heat treatment, the cleaned coated tubes were tested in 
industrial steam-methane reformer furnaces and visbreakers. High resistance to metal 
dusting and coke formation was reported. 
 
Tzatzov et al., of Westaim Corp., described a slurry method for protecting the internal 
surfaces of cast heat-resistant alloy tubes (e.g. Fe-45Ni-35Cr-0.4C and HP alloys) from 
coking and corrosion during the manufacture of ethylene by the pyrolysis of 
hydrocarbons [7]. The slurry was prepared by blending pre-alloyed metallic powders with 
an acrylic binder and an organic solvent. The slurry was applied to the internal surfaces of 
furnace tubes, bends and manifolds. After drying, the components were heat-treated in 
large vacuum furnaces to form a MCrAlY-type coating with a silicon content of at least 
6% and a thickness of 150−350 µm. Including silicon in the coating gave a number of 
beneficial effects: 
i. the melting point of the slurry was lowered, hence wetting of the substrate and 
diffusion bonding were promoted; 
ii. the resistance of the coating to carburisation was improved; 
iii. chromium carbide particles in the substrate dissolved, and formation of a brittle 
carbide layer at the coating/substrate interface was avoided. 
 
A second patent assigned to Westaim Corp. described an almost identical method for 
slurry-coating the internal surfaces of tubes or pipes [6]. The slurry was prepared by 
blending MCrAlY and Al-Si-Cr alloy powders with an organic solvent and binder. Carbon-
steel pipe was honed and cleaned before being dipped in the slurry to apply one or two 
layers. After drying, the heat-treatment was carried out at 1050°C for 30 min in a vacuum. 
The final coating was approximately 200 µm thick. The finished corrosion-resistant 
product was intended primarily for use in down-hole drilling applications in the oil and gas 
industry. 
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2.5.9. The use of slurry coatings in steam power plants  
In steam power plants, 9% chromium steels are used as boiler and turbine materials. 
Operating temperatures are currently limited to 550°C; however, in order to improve 
efficiency and lower carbon dioxide emissions, the next generation of power plants is 
being designed to operate with steam at 650°C. Under such conditions, 9% chromium 
steels oxidise to form outer layers of iron oxides (Fe2O3 and Fe3O4) and inner layers of 
iron-chromium spinel ([Fe,Cr]3O4). If the oxides grow too thick, overheating may occur; if 
the oxides spall, downstream components may become blocked or eroded [53]. With the 
objective of extending the operating range of 9% chromium steels to 650°C, a detailed 
study of the oxidation of coated 9% chromium steels in steam has been carried out by 
Agüero et al. at the Instituto Nacional de Técnica Aeroespacial (INTA) in Madrid. The 
work has been funded by the European Commission under the COST actions 522 and 536 
programmes, and the project on Coatings for Supercritical Steam Cycles (SUPERCOAT) 
[54-56]. 
 
Agüero et al. included slurry-aluminised coatings in the test programme [3, 57-61]. An 
aluminium slurry30 was brushed onto a ground, vapour-degreased, 9%-chromium-steel 
substrate and cured in air at 350°C for 30 min. The heat treatment took place at 700°C for 
10 h in an argon atmosphere. After heat treatment, the non-diffused residue, or bisque, was 
removed from the coated surfaces by light grinding. 
 
The coating comprised an outer layer of Fe2Al5 (50−100 µm), with dispersed precipitates 
of Al9Cr4 (1−2 µm), and an inner layer of FeAl (3−10 µm). An interdiffusion zone 
(4−5 µm) containing acicular precipitates of aluminium nitride was formed at the 
coating/substrate interface. The coating was brittle below 400°C, but ductility improved at 
higher temperatures. The surface was uneven and small diffusion voids were present in the 
outer 15 µm. Stress-relieving cracks progressed directly from the surface to the 
Fe2Al5/FeAl interface. These were formed due to the mismatch of expansion coefficients 
between the Fe2Al5 layer and the substrate; they did not act as sites for preferential 
corrosion because their faces were covered by protective aluminium oxide [57, 58]. 
 
The coatings were tested at 650°C in steam containing less than 10 ppb oxygen. Transient 
χ-alumina and γ-alumina were identified after the first few hours of exposure. In longer 
tests a protective α-alumina layer was formed, reaching a thickness of 3−4 µm after 
                                               
30
  An Ipcote product, designed by Indestructible Paints Ltd. for use in Rolls-Royce aero engines. 
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17 000 h [60]. In tests lasting 32 000 h [57], 38 000 h [58], 41 000 h [59], 45 000 h [60] and 
50 000 h [61] the aluminium content at the coating surface remained above 5%, and 
sustained an adherent α-alumina layer which protected the 9% chromium steel from 
oxidation by steam at 650°C. 
 
The degradation of slurry aluminide coatings on 9% chromium steel took place by three 
mechanisms. The primary mechanism was interdiffusion. As aluminium diffused from the 
coating to the substrate, the outer Fe2Al5 layer thinned and the inner FeAl layer thickened. 
After 17 000 h the Al9Cr4 precipitates had dissolved and the Fe2Al5 layer had been 
converted to FeAl. As interdiffusion continued the FeAl was transformed to Fe3Al and 
eventually to ferrite [57]. 
 
The second mechanism of degradation was the formation of Kirkendall voids. After a few 
hours of exposure, porosity developed about 10 µm from the outer surface of the coating. 
At the coating/substrate interface, porosity developed more slowly, but continued to form 
with increasing exposure time. Increasing amounts of interfacial porosity were observed 
after 30 000 h [58] and 41 000 h [59]. After 45 000 h the pores had begun to coalesce, 
however, the coating retained contact with the substrate [60]. After 50 000 h there were no 
signs of substrate attack, due to spallation of the coating [61]. 
 
The third degradation mechanism was the reaction of aluminium in the coating with 
nitrogen in the substrate. The nitrogen content of the 9% chromium steel was 0.046%, and 
some of the dissolved nitrogen reacted with inwardly diffused aluminium to form needle-
shaped precipitates of aluminium nitride. Precipitation commenced near the 
coating/substrate interface and the depth of the precipitation zone increased as aluminium 
diffused further into the substrate. There was no evidence that nitride formation affected 
the oxidation resistance of the coating in test lasting up to 50 000 h [61]. 
 
In an attempt to extend the life of the coating, silicon powder was added to the aluminium 
slurry. With less than 5% silicon, there was no appreciable difference in the coating 
microstructure. With 5−20% silicon, silicon-rich bands were aligned parallel to the 
coating/substrate interface. The presence of silicon retarded the inward diffusion of 
aluminium, but had little effect on the outward diffusion of iron. Porosity developed near 
the coating/substrate interface, and the coating spalled from the 9% chromium steel after 
only 72 h at 650°C [58]. 
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In a related study, Durham et al. tried to inhibit the diffusion of aluminium from the 
coating to the substrate by sputtering a thin layer of refractory metal onto the 
9% chromium steel before applying the slurry. The aluminium slurry was dried before 
curing at 560°C, and heat-treated in argon at 700°C for 10 h. The coating was tested in an 
argon−50% steam atmosphere at 650°C for 1000 h. Tungsten was slightly more effective 
than molybdenum at inhibiting the inward diffusion of aluminium; however, neither was 
deemed satisfactory for practical use [62]. 
 
A conclusion of Agüero’s research on coated 9% chromium steel was that slurry coatings 
had certain advantages over conventional chemical-vapour-deposited coatings. Oxidation 
resistance in steam at 650°C was comparable, but the slurry coatings were deposited at 
lower temperatures and were less expensive for coating large components, such as steam 
turbine casings and rotors. However, in a more recent publication it was suggested that 
high-velocity oxy-fuel Ni−20Cr coatings had better resistance to steam oxidation than 
slurry aluminides [63]. 
 
2.6. Summary of literature 
The first slurry coating was reported in 1958 by General Motors Corporation for hardening 
the surfaces of titanium panels [8]. In the 1960s, the International Nickel Company devised 
further improvements in the slurry-coating method for the purpose of coating steel sheet 
and strip [10-13]. Nickel-coated steel products were widely used in chemical process, food 
and automotive industries; other applications included furniture, office equipment, coins 
and tokens. The heat treatments were carried out below the melting point of the metallic 
constituent of the slurry and the coatings were formed by solid-state diffusion. In some 
cases, the coatings were densified by cold-working and sintering. 
 
The first oxidation-resistant slurry-coating was patented by United Aircraft Corporation in 
1963 [9]. The method led to variations in coating thickness and was not widely adopted by 
the gas turbine industry. In the 1970s, pack cementation and out-of-contact vapour-phase 
aluminising became the preferred methods for coating superalloy blades and vanes [64]. 
 
In the late 1960s and 1970s, oxidation-resistant silicide slurry coatings were developed by 
Lockheed, Sylvania Electric Products and the US Navy. The coatings were applied to 
refractory-metal alloys which operated above 1200°C in the engines of missiles, satellites 
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and manned spacecraft [15-20]. It was found that the coatings were more homogeneous 
when the slurries were fused during the heat treatment. 
 
In the 1970s, vapour-slurry coatings were developed. In vapour-slurry aluminising, the 
slurry contains an aluminium-alloy powder and an activator (typically ammonium chloride 
or lithium fluoride). In heat treatment the slurry does not melt, but forms a volatile 
aluminium halide, which decomposes and deposits aluminium on the substrate. In aero-
engine gas turbines, vapour-slurry aluminising was first used to make localised repairs to 
aluminides formed by CVD [30, 31]. The technique became known as patch-coating and 
eliminated the costs associated with stripping and re-applying coatings that were defective 
or had degraded in service. Patch-coating methods were modified for use with EB-PVD or 
vacuum-plasma-sprayed MCrAlY coatings [38-40], and with platinum aluminides [41-44]. 
A vapour-slurry aluminide with sufficient uniformity to compete with CVD for the coating 
of entire airfoil surfaces was also introduced [50, 51]. 
 
Silicon, unlike aluminium, does not form sulphides and may been incorporated in 
aluminide coatings to slow the diffusion of sulphur. Silicon-modified aluminides have 
better resistance to sulphidation and low-temperature molten-sulphate corrosion than 
conventional aluminides. Commercial aluminium-silicon slurry coatings have been 
developed by Rolls-Royce, Sermatech International and Liburdi Engineering. These 
coatings have been widely used to patch pack aluminides and MCrAlY overlays in marine 
and industrial gas turbines [34-37]. An aluminium-silicon slurry available from Coatings 
for Industry has been used to repair platinum aluminides [43, 44]. 
 
The internal passages of air-cooled gas turbine components have been aluminised by 
vapour-slurry methods [45-47]. The hollow channels are difficult to coat uniformly by 
conventional, automated, out-of-pack CVD, as the chemical vapours must be forced 
through specialized plumbing assemblies. After applying a thermal barrier coating to the 
external surface, the internal cooling holes may be aluminised with a fused-slurry method, 
which precludes attack of the MCrAlY bond coat by halide vapours [48, 49].  
 
Slurry coatings have potential for use in the processing of hydrocarbons. In 1985, Exxon 
Corp. patented a corrosion-resistant, aluminium-silicon coating for protecting the internal 
surfaces of austenitic stainless steel tubes in oil refineries and steam-methane reformers 
[52]. In 2004, Westaim Corp. patented a slurry method for protecting the insides of cast 
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heat-resistant alloy tubes and fittings for service in the manufacture of ethylene by the 
pyrolysis of hydrocarbons [6, 7]. 
 
Finally, slurry-aluminised 9%Cr steels have recently been tested for service as turbine 
components in a new generation of power plants designed to operate with steam at 650°C 
[3, 57-63]. The coatings have protected the substrate in tests lasting 45,000 h.  
 
The literature survey provides much information on the preparation of slurry coatings and 
numerous useful hints for selecting the slurry constituents, mixing and applying the slurry; 
for example:  
i. finer metallic particles produce better coatings than coarser particles [9]; 
ii. coarse particles rough the coating surface and improves the adhesion of top-
coats [40]; 
iii. omitting the binder from the slurry leads to poor adhesion between the metallic 
particles and the substrate [9]; 
iv. allowing the slurry to stand after mixing permits air bubbles to escape [10]; 
v. mixing the slurry in a vacuum in an alternative method to minimise the 
formation of air bubbles in the slurry [46]; 
vi. thinner coatings are more uniform in thickness than thicker coatings [43, 48]. 
 
After reviewing the literature and understanding the principles described, it should be 
possible to adapt the methods used by other researchers to develop novel slurry coatings on 
alloys that have not previously been widely used as substrates.  
 
2.7. Introduction to the present work 
The literature survey has shown that slurry coatings have been used in a number of 
specialised industrial applications. Slurry coatings have been applied to protect substrates 
from oxidation [9, 13, 15-17], molten salt corrosion [28, 35, 36], carburisation [7, 13], 
thermal shock [9], fatigue [33] and pitting [11]. 
 
For this research project, applications relating to gas turbines may be overlooked because 
the market is dominated by established companies such as General Electric, United 
Technologies and Sermatech International. The formation of silicide coatings on refractory 
alloys is discounted as the furnaces available for laboratory work cannot reach 1200°C; 
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however, the processing of hydrocarbons and the operation of steam power plants are of 
interest. 
 
Studies carried out at the Instituto Nacional de Técnica Aeroespacial in Madrid suggest 
that slurry coatings have potential for use in steam power plants [3, 57-61, 63]. Patents 
assigned to Exxon [52] and Westaim [6, 7] corporations indicate that slurry coatings resist 
metal dusting, carburization and coke formation in the refining and petrochemical 
industries. These areas may be worthy of further exploration with the intention of 
developing a low-cost method for coating large objects with complex shapes. It is 
conjectured that slurry coatings might be used on the internal surfaces of furnace tubes in 
refineries, petrochemical plants and power plants. Moreover, slurry coatings might be 
considered as alternatives to conventional PVD, CVD or thermal spray coatings on steam 
turbine components or on the external surfaces of boiler tubes. 
 
Before commencing the practical work it is necessary to select the alloy substrates. Alloy 
800H is thought to be a reasonable choice for applications related to hydrocarbon 
processing. Alloy HCM12A is considered an adequate starting material for steam-plant 
applications as it is somewhat similar in composition to the 9%Cr steels studied at the 
Instituto Nacional de Técnica Aeroespacial. The approach is intended to be flexible, with 
the option of switching to other alloys as the project progresses.  
 
The emphasis of this project will be on developing the slurry-coating method. The 
literature survey provides numerous useful hints for selecting the slurry constituents, 
mixing and applying the slurry; however, experimental work will be required to determine 
an appropriate slurry composition and suitable heat-treatment conditions to form a coating 
of acceptable composition, microstructure and thickness. Initially, the aim will be to 
develop an alumina-forming coating on a chromia-forming alloy. Later in the project, 
consideration may be given to the coating of alumina-forming alloys. 
 
The final objective will be to assess coating life and oxidation resistance in air at 
1000−1100°C, a temperature range that promotes the formation of α-Al2O3 scales and 
permits coating-substrate interactions within a few hundred hours. It is not envisaged that 
sufficient time will be available for carburisation, metal dusting, coke deposition or steam-
oxidation tests; however, such work may be carried out in future projects if promising 
slurry coatings are developed. 
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Based on previous work on slurry coatings, the slurry compositions in this research include 
aluminium, NiCrAlY and NiCrSi powders as the metallic components; these have been 
shown to be potentially suitable for the formation of oxidation resistant coatings on nickel-
based and iron-based alloys; which are the types of alloy investigated in the present work. 
The binders used are hydroxypropylcellulose and metylcellulose. The liquid carriers are 
ethanol and de-ionised water. 
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3: MATERIALS AND EXPERIMENTAL METHODS 
 
3.1. Introduction 
The experimental work has been directed towards developing oxidation-resistant coatings 
on wrought alloys by the slurry method. This chapter deals with the following topics: 
selecting and preparing the substrate, mixing the slurry, applying the slurry to the substrate, 
drying the slurry, heat treatment, characterising the coatings and evaluating their resistance 
to oxidation. 
 
3.2. Substrates 
Three commercial alloy substrates have been investigated: Alloy 800H, Alloy HCM12A 
and Alloy 214. The compositions of these commercial alloys, as given on the 
manufacturers’ certificates of analysis, are shown in Table 3.1. 
 
Table 3.1 Chemical compositions of commercial alloy substrates in wt. %. 
 
Alloy Fe Ni Cr C Si Al Mn Cu Others 
800H Balance 33 19.7 0.06 0.08 0.22 0.76 0.16 Ti = 0.27, Nb = 0.02 
HCM12A Balance 0.34 12.5 0.07 0.25 
– 
0.54 0.85 W = 1. 9, Mo = 0.36, V = 0.21, N = 0.06 
214 3 Balance 16 0.05 0.2 4 0.5 
– 
Zr = 0.1, B = 0.01, Y = 0.01 
 
Alloy 800H, supplied by Special Metals Corporation, is an iron-nickel-chromium alloy 
with an austenitic structure and a melting range of 1357–1385oC. It is designed to resist 
oxidation and carburisation at temperatures up to 820oC. It is a modified version of 
Incoloy 800, a heat-resistant corrosion-resistant alloy introduced by Inco Alloys 
International in the 1950s [65]. Alloy 800H has better creep and stress rupture properties 
than Incoloy 800 due to its higher carbon content (0.05–0.1%) and larger grain size 
(average of ASTM 5). The microstructure of the Alloy 800H used in this project, with 
equi-axed grains, annealing twins, carbide and nitride particles, is shown in Figure 3.1(a). 
 
Alloy HCM12A is a stainless steel with chromium content of 12% and a melting 
temperature above 1500°C. The microstructure comprises delta-ferrite and tempered 
martensite, as shown in Figure 3.1(b). The alloy is manufactured by Sumitomo Metal 
Industries Ltd. (Japan) as an improved version of the Fe-9Cr-1Mo alloy, which has been 
widely used for tubing, piping and headers in steam plants up to 600°C. Replacing the 
molybdenum with tungsten and adding vanadium improves the strength, and allows the  
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alloy to be used up to 620oC [66, 67]. The alloy has been evaluated for use as a coated 
substrate at 650oCin ultra-supercritical power plants [68]. 
 
Alloy 214TM, supplied by Haynes International Limited, is a nickel-based alloy with 
additions of chromium, aluminium and iron. It has a melting range of 1355–1400oC and is 
designed to resist oxidation, carburisation and chloridation at 950–1100oC [69]. Corrosion 
resistance is afforded by formation of a surface layer of alpha alumina, and scale adhesion 
is improved by additions of yttrium and zirconium. Alloy 214 is generally supplied in the 
fully austenitic condition. Figure 3.1(c) shows equi-axed grains of austenite in Alloy 214 
after solution heat treatment at 1095°C and rapid cooling. Carbides are not visible in the 
microstructure. 
 
Figure 3.1 Microstructures of commercial alloys. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition to the three commercial alloys, two iron-chromium-aluminium alloys were used 
as substrates. These were originally prepared for use in another research project. The Fe-
16Cr-4Al and Fe-27Cr-4Al alloys were prepared from Japanese electrolytic iron, high-
purity aluminium (99.99%) and high-purity chromium (99.95%) at the British Iron and 
Steel Research Association (Sheffield) [70]. The Fe-16Cr-4Al alloy was reported to 
Alloy 214, etched in 50 vol.% CH3COOH + 
33 vol.% HNO3 + 17 vol.% HCl 
200 µm (c) 
Alloy HCM12A, etched in 50 vol.% 
CH3COOH + 33 vol.% HNO3 + 17 vol.% HCl 
 
50 µm (b) 
Alloy 800H electro-etched with 10% oxalic 
acid (0.06V, 5s) 
100 µm 
(a) 
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contain a small amount of yttrium (less than 1%), for the purpose of improving the 
adhesion of the alumina scale; however, no analyses were carried out to measure the 
yttrium content in the alloy. The microstructures of the cold-rolled Fe-Cr-Al alloys are 
shown in Figure 3.2. 
 
Table 3.2 Chemical compositions of iron-chromium-aluminium alloy substrates in wt. %. 
 
 
 
 
Figure 3.2 Microstructures of Fe-Cr-Al alloys; (a) Fe-16Cr-4Al and (b) Fe-27Cr-4Al. Electro-etched in 10% 
oxalic acid at 2.5 V for 60 s. 
 
 
 
 
 
 
 
 
 
3.3. Preparation of the substrates 
The coupons were cut from alloy sheets with a hacksaw. The approximate dimensions of 
the Alloy 800H, Alloy 214, Alloy Fe-16Cr-4Al and Alloy Fe-27Cr-4Al coupons were 
15 mm x 15 mm x 2 mm; the Alloy HCM12A coupons were 15 mm x 15 mm x 5 mm. The 
faces and edges were abraded on silicon carbide papers, starting with 120 grit and 
proceeding through 240, 320, 400 and 600 grit. Each coupon was rinsed in water before 
moving to a finer grade of abrasive. After grinding, the coupons were swilled in water, 
rinsed in ethanol, de-greased ultrasonically in acetone and dried in a jet of hot air. Further 
handling was carried out with tweezers to avoid contaminating the coupons. 
 
3.4. The constituents of the slurries  
In this section, the metallic powders, liquid carriers and binders used in the slurry coatings 
are described. 
 
 
 
Alloy Fe Cr Al 
Fe-16Cr-4Al Balance 16.00 4.25 
Fe-27Cr-4Al Balance 27.30 4.35 
100 µm (a) 100 µm (b) 
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3.4.1. Metallic components 
The metallic powders used in the slurries were obtained from commercial suppliers. The 
particles were manufactured by atomisation in inert gas atmospheres and had spherical 
shapes. Experiments were carried out with three different powders: NiCrAlY, NiCrSi and 
pure aluminium. 
 
3.4.1.1. NiCrAlY powder 
This powder was obtained from Sulzer Metco under the trade name Amdry 962. According 
to manufacturer’s certificate of analysis, the melting range was 1310–1330oC [71]; 
Tables 3.3(a) and (b) show the chemical composition and particle size distribution. 
Figure 3.3(a) is a scanning electron micrograph showing some NiCrAlY particles. 
 
Table 3.3 (a) Chemical analysis of NiCrAlY powder. 
 
The sieve analysis was carried out by the supplier according to ASTM B214. This standard 
requires the use of 8-inch diameter sieves that are 1 or 2 inches deep and fitted with wire 
cloth made of brass, bronze or stainless steel [72]. 
 
Table 3.3 (b) Sieve analysis of NiCrAlY powder. 
 
 
 
 
 
3.4.1.2. NiCrSi powder 
The nickel-chromium-silicon powder was also supplied by Sulzer Metco, under the trade 
name Amdry 100. The manufacturer’s certificate of analysis showed a melting range of 
1080–1135oC [73]. The chemical composition and particle size distribution are shown in 
Tables 3.4(a) and (b). Figure 3.3(b) is a scanning electron micrograph of the particles. 
 
The analysis was carried out by inductively coupled plasma atomic emission spectroscopy. An argon plasma 
was used to ionise the elements in the sample. The resulting ions passed through apertures into a high-
vacuum analyser where the isotopes were identified by their mass-to-charge ratios. The intensity of a specific 
peak in the spectrum was proportional to the amount of the isotope in the original sample [74]. 
†
 The concentration was determined with a LECO combustion analyser. A pre-weighed sample was placed in 
a high-purity graphite crucible and heated to approximately 3000oC in an inert atmosphere. Gaseous 
molecules were released from the metal and swept from the furnace by an inert carrier gas. Nitrogen and 
hydrogen concentrations were measured with a thermal-conductivity detector. Oxygen released from the 
sample reacted with the crucible to form carbon monoxide and carbon dioxide. The concentrations of these 
gases were measured with an infra-red detector [75-77]. 
‡
 The moisture content was analysed by a gravimetric method. 
 
Element Al Cr Fe Ni Si Y H2 O2 N2 Moisture 
Wt. % 10.25* 22.05* 0.05* 66.52 0.04* 1.06* <0.001† 0.016† 0.004† 0.008‡ 
Particle size (µm) 106–125 53–106  45–53 < 45 
Wt. % within specified range 0.8 96.5 2.5 0.2 
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Table 3.4 (a) Chemical analysis of NiCrSi powder. 
 
 
 
 
Table 3.4 (b) Sieve analysis of NiCrSi powder. 
 
 
 
 
 
3.4.1.3. Aluminium powder 
The aluminium powder was obtained from the Aluminium Powder Company 
(West Midlands). According to the supplier’s analysis, carried out by inductively coupled 
plasma atomic emission spectroscopy, the powder had a purity of 99.94% [78]. The 
particles were described as spherical with a diameter greater than 6 µm, and a melting 
point of 660oC. A sieve analysis was not provided; however, the electron micrograph in 
Figure 3.3(c) shows that most of the particles were roughly spherical and approximately 3–
15 µm in diameter. 
 
Table 3.5 Chemical analysis of aluminium powder. 
 
Figure 3.3 SEM micrographs of metallic powders used in the slurry coatings: (a) NiCrAlY particles, (b) 
NiCrSi particles and (c) aluminium particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Element Al B Cr Fe Mn Ni Si O2 
Wt. % 0.02* <0.01* 19.3* 0.09* <0.01* 70.36 10.2* 0.01† 
Particle size (µm) > 125 106–125  45–106  < 45 
Wt. % within specified range 0.2 4.8 94.7 0.3 
Element Al Fe Si Cu Mn Mg Zn Ni Ti Zr Ga 
Wt. % 99.94 0.027 0.018 0.003 0.001 0.002 0.001 0.002 0.002 0.001 0.006 
20 µm (a) 20 µm (b) 
20 µm (c) 
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3.4.2. Liquid carriers 
In this project, ethanol and de-ionised water were used as carriers. They were inexpensive, 
compatible with the metallic particles in the slurry, effective in dissolving the binder and 
evaporated readily from the slurry upon heating [79]. 
 
3.4.2.1. Ethanol 
In the first attempts to form slurry coatings, analytical reagent-grade ethanol (96 vol.%) 
was used as the carrier. Ethanol evaporates quickly and has a boiling point of 78oC; it is 
flammable and has an auto-ignition temperature of 363oC [80].  
 
3.4.2.2. De-ionised water 
In later experiments, the ethanol carrier was replaced by de-ionised water, which was less 
costly and evaporated more slowly. The de-ionised water was obtained from a water 
purification unit (ELGA Purelab Option-R). This instrument converts tap water into 
laboratory-grade water with better quality than double-distilled water. The purification 
technology includes ion exchange, reverse osmosis and photo-oxidation [81]. 
 
3.4.3. Binders 
Two binders, methylcellulose and hydroxypropylcellulose, were used to prepare the 
slurries. These compounds acted as weak glues to keep the metallic particles in suspension 
while the slurries were applied and dried. On further heating they were removed without 
leaving any residues [13]. 
 
3.4.3.1. Methylcellulose 
Methylcellulose is a white, odourless, hydrophilic powder. It is non-toxic, non-allergenic 
and non-digestible. It is used as a thickening agent, and as an emulsifier in preventing the 
separation of mixed liquids in food products and cosmetics. It is a common ingredient in 
tooth-paste, liquid soap and ice-cream. It is also used as water-soluble glue in wallpaper 
pastes [82]. The methylcellulose used in this work was obtained from Fisher Scientific. 
The particles varied considerably in size and shape, as shown in Figure 3.4(a). 
 
3.4.3.2. Hydroxypropylcellulose 
Hydroxypropylcellulose is a film-forming polymer that yields flexible, clear, non-tacky, 
thermoplastic films. It is used as a thickening, suspending or anti-clumping agent, and as a 
binder and film coating in pharmaceutical tablets. It is non-toxic, physiologically inert and 
has been approved for use as a food additive [83]. 
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The hydroxypropylcellulose used in this project was manufactured by Hercules-Aqualon, 
and obtained from Crestchem Ltd., under the trade name Klucel M Grade (medium-
viscosity). According to data provided by the manufacturer, the softening temperature was 
100–150oC, and the burn-out temperature, in nitrogen or oxygen atmospheres, was 450–
500oC; the moisture and ash contents were 4.0 and 0.4% respectively [84]. Examination by 
scanning electron microscopy indicated that the particles were spherical in shape; the 
particle diameter was typically less than 100 µm, as shown in Figure 3.4(b).  
 
Figure 3.4 Scanning electron micrographs of binder particles; (a) methylcellulose and 
(b) hydroxypropylcellulose. 
 
 
 
 
 
 
 
 
 
3.5. Preparation of the slurry 
The first step in preparing the slurry was to dissolve the binder in the carrier to form the 
lacquer. The second step was to introduce the metallic particles and disperse them 
uniformly. In some of the preliminary experiments, the lacquer was prepared by dissolving 
2 g of hydroxypropylcellulose in 98 g of ethanol at room temperature. Methylcellulose is 
insoluble in ethanol, so it was not possible to prepare a lacquer from these compounds.  
 
Most of the slurries in this project were prepared with hydroxypropylcellulose as the 
binder and de-ionised water as the carrier. One gram of hydroxypropylcellulose was mixed 
with 99 ml of de-ionised water at room temperature and stirred magnetically for 30 min. 
When the hydroxypropylcellulose had dissolved, the solution was left to stand for 3 h 
allowing the bubbles formed during stirring to escape into the atmosphere. 
 
After mixing the lacquer and removing the bubbles, the slurry was prepared by pouring 
1.0 g of lacquer into a plastic weighing boat, and adding 0.5 g of metallic powder. The 
mixture was stirred gently with a small spatula to disperse the metallic constituent 
uniformly, without forming additional bubbles. 
100 µm (b) 500 µm (a) 
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Methylcellulose particles are less soluble in water than hydroxypropylcellulose particles; 
however, they dissolve in water when they are well dispersed throughout the aqueous 
phase; agglomeration occurs if the particles are poorly dispersed. The methylcellulose 
lacquer was prepared by mixing 5 g of methylcellulose with 195 ml of water at 
approximately 55oC and stirring well. Another 200 ml of water at room temperature were 
then added to the hot solution and the dispersion was stirred as it cools, leading to the 
dissolution of the methylcellulose particles. The solution was then left to stand for 3 h until 
all the bubbles had risen to the surface and escaped. The metallic powder was added to the 
lacquer by the method described for the slurry containing hydroxypropylcellulose. 
 
3.6. Applying and drying the slurry  
After the slurry had been stirred gently and thoroughly, a thin uniform layer was painted 
onto the ground de-greased substrates with a small paint-brush. The brush was obtained 
from an arts and crafts store; it had a tapered wooden handle, an aluminium ferrule and 
extruded nylon filaments [85]. The brush was easily cleaned with tap water after applying 
the aqueous slurry. 
 
After applying the slurry, the painted coupons were placed in a clean alumina reaction boat 
and heated in air in a furnace at 120oC to evaporate the liquid carrier. After 20 min, the 
alumina boat was removed from the furnace and the coupons were cooled to room 
temperature in air. 
 
An alumina boat containing a slurry-painted coupon and other implements used to prepare 
the slurry coatings are shown in Figure 3.5. A diagram illustrating the steps involved in 
preparing a slurry coating can be seen in Figure 3.6. 
 
Figure 3.5 Items used in applying the slurry to the prepared substrate. 
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Figure 3.6 Schematic diagram illustrating the steps in preparing a slurry coating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After cooling, a second layer of slurry was painted on top of the dried layer. The second 
layer was either dried in the same manner as the first, or, in some cases, dried during the 
purging stage of the heat treatment. 
 
The amount of slurry applied to the coupon surface was controlled by the person doing the 
painting. With practice, it was possible to apply two relatively uniform layers that 
consistently gave a weight increase of 0.1 ± 0.01 g/cm2 after drying. In cases where a 
thicker coating was required, a third layer of slurry was applied on top of the dried second 
layer. 
Heat-treat in inert atmosphere 
Apply second layer of slurry 
Dry 
Mix and stir 
Clean 
Grind 
Cut 
Apply first layer of slurry 
Dry 
Lacquer 
Binder Liquid carrier 
 
Metallic particles  
Coated substrate 
 
Alloy sheet 
Prepared substrate 
Slurry 
Mix and stir 
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3.7. Characterisation of the slurries  
The properties of the slurries were studied by thermo-gravimetric analysis, differential 
scanning calorimetry and viscometry. An outline of the equipment used is given in the 
following sections. 
 
3.7.1. Thermal analysis 
Two methods of thermal analysis were used in this work: differential scanning calorimetry 
(DSC) and thermo-gravimetric analysis (TGA). Experiments were conducted to ascertain 
the temperatures at which the carriers and binders were removed from the slurries upon 
heating. The experiments took place in oxygen and argon to simulate the oxidising and 
inert atmospheres used in drying and heat-treating the layers of slurry. 
 
Differential scanning calorimetry and thermo-gravimetric analysis were carried out 
simultaneously in a Netzsch Jupiter 449C instrument. The furnace and sample chamber 
were oriented vertically, with the specimen pan supported above the balance, as shown in 
Figure 3.7. 
 
Figure 3.7 Schematic diagram of Netzsch Jupiter 449C thermal analysis equipment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two slurries were examined by thermal analysis. Both had been painted on an Alloy 214 
substrate (3 mm x 3 mm x 1 mm with a 600-grit finish). The first slurry contained 
aluminium powder (33%) in a carrier of de-ionised water (66%) with 
hydroxypropylcellulose binder (1%). The second slurry contained aluminium powder 
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(33%) in a carrier of de-ionised water (66%) with methylcellulose binder (1%). In each 
case, the slurry-painted coupons had been dried in air at room temperature for three hours 
before being loaded into the thermal analysis apparatus. 
 
Differential scanning calorimetry provided information about the endothermic or 
exothermic processes occurring when a slurry-painted alloy coupon was heated from room 
temperature to 1000oC. The heat change was measured by comparison with an inert 
reference material maintained at the same temperature as the sample. In an endothermic 
process such as melting, the sample absorbed more heat than the reference material in 
order to increase its temperature at the same rate. In an exothermic process such as the 
oxidation of aluminium, the sample absorbed less heat than the reference material. The 
heat changes were recorded in mW/mg and plotted against temperature [86]. 
 
Thermo-gravimetric analysis was used to measure the weight changes occurring in slurry-
painted alloy coupons as the temperature was increased from room temperature to 1000oC. 
The balance had a maximum sample weight of 5 g, and a resolution of ± 0.1 µg. The 
sample was heated at a linear rate of 10°C/min, and the temperature was measured with a 
type-S thermocouple. 
 
3.7.2. Viscometry 
The viscosities of the lacquer and the slurry were measured with a Bohlin Instruments C-
VOR parallel-plate rheometer. A photograph of the rheometer is shown in Figure 3.8. 
 
Figure 3.8 Parallel-plate rheometer for measuring the viscosity of the slurry or lacquer. 
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Approximately 10 cm3 of the liquid, i.e. slurry or lacquer, was poured onto the lower plate; 
the upper plate was then lowered to contact the liquid. The gap between the two parallel 
plates was adjusted to 30 µm. Any excess liquid flowing from between the plates was 
removed with tissue paper. The two plates and the liquid were enclosed inside a hollow 
metal cylinder. The upper plate was rotated and the shear rate was increased to 50 s-1. The 
shear stress, which is the shear force divided by the contact area between the liquid and the 
plate, was computed by the equipment. The temperature of the liquid was controlled with a 
heater in the base of the instrument; the shear rate was measured at 15, 20, 25 and 30oC. 
 
The shear rate for the fluid flowing under the influence of shear stress between the two 
parallel plates was defined by the equation: 
γ = v / h 
where: 
γ = the shear rate, measured in s-1; 
v = the velocity, measured in ms-1; 
h = the distance between the two parallel faces, measured in m. 
 
Thus, the viscosity (µ) was determined from the ratio of shear stress (τ) to shear rate (γ) 
[87]. 
µ = τ / γ 
 
3.8. Heat treatment of the slurry coatings 
The purpose of the heat treatment was to densify the coating and bond it to the substrate. In 
order to prevent oxidation of the coating, the heat treatment was carried out in a reducing 
atmosphere, i.e. hydrogen, or an inert atmosphere, i.e. argon. Most of the heat treatments 
were carried out at 700 or 1000oC for times between 1 and 8 h.  
 
3.8.1. Heat-treatment apparatus 
The heat treatment of the slurry-painted coupons took place in a cylindrical furnace with a 
Fe-Cr-Al alloy heating element. The furnace was 465 mm long with a 50 mm internal bore. 
The power rating was 1.5 kW at 240 V, and the maximum recommended operating 
temperature was 1200oC. The temperature controller was a Cal 9900 model, made by 
Advanced Industrial Systems, Inc., with a type-R (platinium-rhodium) thermocouple. The 
hot-zone of the furnace was located with a type-K thermocouple attached to a hand-held 
potentiometer, which displayed the temperature directly in degrees Celsius. 
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Inside the furnace was a double-walled silica reaction tube, designed originally to pre-heat 
mixed gases in corrosion tests, with a wall thickness of 3 mm. The tube had borosilicate 
(Pyrex®) ground-glass, cone-and-socket end fittings, which were coated with silicone 
grease to give a gas-tight seal. The wall thickness of the borosilicate end fittings was 
3 mm. A schematic diagram of the heat-treatment apparatus is shown in Figure 3.9. 
 
Figure 3.9 Schematic diagram of the apparatus used to heat-treat the slurry coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The gas flow lines were made of Type 316L stainless steel tube, with an external diameter 
of 6 mm and a wall thickness of 1 mm. These tubes were coupled to the borosilicate glass 
adapters with screw-thread joints (Quickfit®), silicone rubber O-rings and plastic caps, as 
shown in Figure 3.10. 
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Figure 3.10 Photograph of components used to connect the double-walled silica reaction tube to the stainless 
steel gas line. 
 
 
 
 
 
 
 
 
 
 
 
The apparatus included 0.5 kg of copper turnings to remove oxidising impurities from the 
heat-treatment gas. The turnings were obtained from Fisher Scientific and packed inside a 
silica reaction tube with ground-glass end fittings. The ends of the tube were plugged with 
glass wool to keep the copper turnings in place. The copper was heated to 550oC inside a 
cylindrical furnace (310 mm in length with a 35 mm bore, and a power rating of 840 W at 
240 V). The temperature was regulated with a Eurotherm controller (model 020-088-03-
026-13-00) and a type-K (chromel-alumel) thermocouple. 
 
Phosphorus pentoxide (P2O5) was used as a drying agent to reduce the partial pressure of 
water vapour from the heat-treatment gas. One bottle of drying agent was positioned in the 
gas line before the copper turnings; another bottle was positioned between the copper 
turnings and the coupons. 
 
Most of the coupons were heat-treated in high-purity hydrogen (supplied by BOC Gases 
Ltd. in a size K cylinder). The gas was delivered through a multi-stage regulator (supplied 
by Gas-Arc Welding Supplies Ltd.), suitable for 175 bar service and conforming to 
BS 5741. The regulator was fitted with two pressure gauges (Wika) and a flame arrestor. 
Some coupons were heat-treated in argon, which was obtained from the same supplier in a 
size W cylinder. The argon was delivered through a similar regulator, without a flame 
arrestor, rated for 230 bar service and conforming to BS EN43911.  
 
A 34/35 socket adapter has a maximum internal diameter of 34 mm and a length of 35 mm.  
A 19/26 socket adapter has a maximum internal diameter of 19 mm and a length of 26 mm.  
A 19/26 screw-thread cone has a maximum external diameter of 19 mm and a length of 26 mm. 
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Figure 3.11 shows how the stainless-steel gas line was connected to the silica reaction tube 
containing the copper turnings. The connection was similar to that described previously for 
connecting the gas line to the main furnace. 
 
Figure 3.11 Photograph of components used to connect the silica reaction tube to the stainless steel gas line. 
 
 
 
 
 
 
 
 
 
A 34/28 cone adapter has maximum outer diameter of 34 mm and a length of 28 mm.  
 
The gas lines at the outlet of the apparatus were made of flexible polyolefin tube, with an 
external diameter of 7 mm and a wall thickness of 1 mm. The flow of gas at the outlet was 
indicated by bubbles in a half-filled vessel of mineral oil. Before the vessel of mineral oil, 
an empty vessel was positioned in the gas line, as shown in Figure 3.9, to prevent the oil 
from entering the reaction tube in the event of decreasing gas pressure. 
 
The apparatus was contained in a fume-hood that was vented to the roof of the building. In 
order to detect leaking hydrogen, the extraction system was equipped with a Blakell 
Systems 300 Series gas alarm. A photograph of the heat-treatment apparatus is shown in 
Figure 3.12. 
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Figure 3.12 Photograph of the apparatus used to heat-treat the slurry coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.8.2. Heat-treatment procedure 
Before starting the heat treatment, the alumina boat containing the dried slurry-painted 
coupons was positioned inside the double-walled reaction tube in the large furnace. The 
flow of gas was commenced, and the small furnace was switched on to heat the copper 
turnings. After approximately 30 min, the copper turnings reached 550oC; however, the gas 
flow was maintained for 1 h to purge the apparatus and to displace the air before switching 
on the main furnace. Figure 3.13 indicates the time taken by the large and small furnaces to 
reach 1000°C and 550oC respectively. 
 
Figure 3.13 Heat-up rates for heat-treatment furnace and smaller furnace containing copper turnings. 
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3.8.3. Secondary heat treatment 
In some cases, the heat treatment at 1000oC was followed by an additional heat treatment 
at 1150oC for 2 h. The second heat treatment was carried out in the apparatus shown in 
Figure 3.14. The furnace (made by Vecstar Ltd.) was 830 mm long with a cylindrical bore 
of 70 mm. The power rating was 3.5 kW at 240 V and the maximum operating temperature 
was 1600oC. The temperature controller was a Newtronic Controls Micro 96. 
 
Figure 3.14 Apparatus used for heat treatment at 1150oC. 
 
 
 
 
 
 
 
 
 
 
 
 
The furnace contained an alumina reaction tube with a length of 870 mm, an external 
diameter of 60 mm and a wall thickness of 10 mm. Before heating to 1150oC, the apparatus 
was purged with hydrogen for 30 min at room temperature. The gas flow was maintained 
during the heat treatment and the furnace-cooling of the coated coupons. 
 
The alumina reaction tube was sealed at each end with two pieces of neoprene rubber 
compressed between a stainless-steel disc and ring, as shown in Figure 3.15. The seals 
were cooled by tap-water, which was circulated through copper coils fabricated from 
copper tube with an external diameter of 7 mm and a wall thickness of 1 mm. The gas line 
was a stainless-steel tube, with an external diameter of 6 mm and a wall thickness of 1 mm, 
and was fillet-welded to the stainless-steel disc. 
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Figure 3.15 Photographs of cooling coil and seals on alumina reaction tube for heat treatment at 1150oC. 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 Diagram illustrating sealing and cooling of alumina reaction tube for heat treatment at 1150oC. 
 
 
 
 
 
 
 
 
 
 
 
 
3.9. Oxidation tests 
Slurry-coated and uncoated coupons were subjected to cyclic and isothermal oxidation 
tests in air. The tests were carried out in a furnace similar to the one described in 
Section 3.8.1., with a Fe-Cr-Al heating element, a power rating of 1.5 kW at 240 V and a 
maximum recommended operating temperature of 1200oC. The temperature controller was 
a Cal 9900 with a type-R (platinium-rhodium) thermocouple. The location of the hot-zone 
and its temperature were determined in the manner described previously (Section 3.8.1.). 
 
The 99.5% alumina furnace tube was supplied by Anderman Ceramics. The tube was 
120 cm long, with an external diameter of 45 mm and a wall thickness of 3 mm [88]. The 
tube was open to the atmosphere at both ends, as shown in Figure 3.17. 
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Figure 3.17 Apparatus used for the oxidation tests. 
 
 
 
 
 
 
 
 
 
The uncoated coupons were prepared by grinding to a 600-grit finish, rinsing in ethanol 
and ultrasonic cleaning in acetone. The slurry-coated coupons were not given any further 
preparation after heat treatment. The furnace was heated to 1100oC; the slurry-coated and 
uncoated coupons were placed in an alumina boat, and pushed into the hot zone with a 
length of stainless-steel wire. 
 
The isothermal oxidation tests took place for 250, 500, 750 and 1000 h. At the end of each 
test the coupons were furnace-cooled. 
 
In the cyclic oxidation tests, the coupons were heated to 1000oC for 48 h before removing 
the reaction boat from the furnace. After cooling to room temperature, the coupons were 
returned to the furnace and exposed for eleven 48-hour cycles. 
 
3.10. Metallographic preparation of slurry-coated coupons 
Selected slurry-coated coupons were mounted in epoxy resin and polished by standard 
metallographic methods. Before mounting, the coupons were copper-plated to protect the 
outer surfaces of the coatings during grinding, and to separate the coatings from the 
mounting resin when the polished cross-sections were examined by optical microscopy. 
 
3.10.1. Electro-plating of slurry-aluminised coupons 
A layer of copper was electroplated from an acidified copper sulphate solution, with a 
pH of 1. The solution was prepared from 100 g of copper sulphate penta-hydrate 
(CuSO4·5H2O), 25 ml of concentrated sulphuric acid (H2SO4) and de-ionised water to 
make up a total volume of 500 ml. 
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A slurry-coated coupon was connected by an insulated cable and crocodile clips to the 
negative terminal of a direct-current power supply to form the cathode. The anode was a 
strip of copper (10 mm x 3 mm x 1 mm). A diagram of the electroplating apparatus is 
shown in Figure 3.18. 
 
Figure 3.18 Diagram of apparatus used to electrodeposit a layer of copper on slurry-coated coupons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The electrodes were immersed in the plating solution at 55–60oC and stirred magnetically. 
In order to electroplate a coated coupon with dimensions of approximately 15 mm x 
15 mm x 2 mm, the power supply was adjusted to 12 mA at 0.5 V. The electrodeposited 
copper layer reached a thickness of 100–110 µm in about 2 h. 
 
3.10.2. Mounting, polishing and etching of slurry-coated coupons 
After electroplating, the slurry-coated coupons were mounted in epoxy resin and ground 
with silicon carbide paper on a water-lubricated wheel. Grinding progressed through 240, 
320, 400, 600, 800, 1200 and 4000-grit abrasive papers. Coupons were polished on wheels 
covered with adhesive-backed woven acetate cloths, lubricated with polyethylene glycol. 
The polishing commenced with 3-µm diamond paste and finished with 1-µm diamond 
paste. 
 
Selected coupons were etched to reveal the microstructures of the coatings and the 
substrates. Alloy 800H was etched electrolytically with 10% oxalic acid at 0.06 V for 5 s. 
The iron-chromium-aluminium alloys were etched electrolytically in 10% oxalic acid at 
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2.5 V for 60 s. Alloys HCM12A and 214 were etched by dipping for 5–15 s in a reagent 
composed of 50 vol.% acetic acid (CH3COOH), 33 vol.% nitric acid (HNO3) and 17 vol.% 
hydrochloric acid (HCl) [89]. 
 
3.11. Characterisation of the slurry coatings 
The slurry-coated coupons were examined by optical microscopy, scanning electron 
microscopy, energy-dispersive X-ray analysis and X-ray diffraction. The coating hardness 
was measured with a Vickers microhardness tester.  
 
3.11.1. Optical microscopy 
Optical microscopy was used to examine the microstructure of cross-sectioned coatings, to 
measure their thicknesses and to detect defects. The microscope was an Olympus BH2-
MJLT, with bright-field illumination, as shown in Figure 3.19 [90]. The magnifications of 
the objective lenses were 5x, 10x, 20x, 50x and 100x; the eye-piece magnification was 
10x. Images were captured with a Leica DC 200 camera and Bandit Demonstration 
Program Version 3.10 software. 
 
Figure 3.19 Olympus BH2-MJLT optical microscope used to examine the cross-sectioned slurry coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.11.2. Scanning electron microscopy 
Two scanning electron microscopes were used to examine slurry coatings in this project. 
The first was an AMRAY 1810, as shown in Figure 3.20(a). In secondary electron mode, 
the maximum theoretical resolution was 5 nm with a tungsten filament. The magnification 
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range used in this work was 200–5000x, with an accelerating voltage of 20 kV and a 
working distance of 6–12 mm. 
 
The second microscope was a ZEISS EVO 50, as shown in Figure 3.20(b). In secondary 
electron mode the maximum theoretical resolution with a tungsten filament was 3 nm. The 
accelerating voltage in this work was 20 kV, the working distance was 6–12 mm and the 
range of magnification was 200–5000x.  
 
Figure 3.20 Scanning Electron Microscopes; (a) AMRAY 1810 and (b) ZEISS EVO 50. 
 
 
 
 
 
 
 
 
 
 
3.11.3. Energy-dispersive X-ray spectroscopy 
Energy-dispersive X-ray spectroscopy, (EDS) was used to obtain qualitative and 
quantitative analyses of the slurry-coated coupons. The AMRAY 1810 electron 
microscope was equipped with a LINK Isis TM 200/300 system with a germanium X-ray 
detector. The EVO 50 instrument was fitted with an Oxford Instruments INCA Penta 
FETx3 system, containing a silicon-lithium X-ray detector. Both EDS systems were 
capable of detecting elements heavier than beryllium. 
 
3.11.4. X-ray diffraction 
X-ray diffraction (XRD) was used to identify the phases present in the slurry coatings. X-
ray spectra were generated using two instruments. The first unit was a PHILIPS MPD PW 
3710 with a PW 1711 detector; the voltage and current were 50 kV and 40 mA. The size of 
the area irradiated by the X-ray beam was 3.5 mm x 3.5 mm. The second unit was a Philips 
X’Pert PRO with a PW 3011 detector; the voltage and current were 45 kV and 40 mA. The 
size of the area irradiated by the X-ray beam was 2 mm x 5 mm. Both instruments had 
copper anodes which generated monochromatic radiation with a wavelength of 0.1542 nm. 
Each instrument was fitted with a xenon-filled proportional detector, with a 300-µm 
(b) (a) 
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beryllium window [91, 92]. The detector was moved from low to high diffraction angles at 
a scan rate of 0.5o/min to record the angular positions and intensities of the diffracted 
peaks. The nominal limit of detection for both equipments was approximately 1 vol.%. 
 
Figure 3.21 X-ray diffraction units; (a) Philips MPD PW 3710 and (b) Philips X’PERT PRO. 
 
 
 
 
 
 
 
 
 
 
 
 
Diffraction patterns from both units, were interpreted with an X’Pert Highscore Plus data 
analysis system and a PDF4+ database (2006). The phases identified were compared with 
standard powder diffraction data files, maintained by the Joint Committee on Powder 
Diffraction Standards (JCPDS) [93]. 
 
3.11.5. Vickers hardness measurements 
Vickers hardness testing was carried out on slurry-coated coupons with an Instron Tukon 
2100 instrument, as shown in Figure 3.22. Indentations in polished cross-sections were 
made with a square-based diamond pyramid. The angles between the opposite faces of the 
indenter were 136o; the angles between the faces of the indenter and the polished surface of 
the coupon were 22o as illustrated in Figure 3.23. 
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Figure 3.22 Instron hardness tester. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23 Schematic diagram of the Vickers hardness indenter and indentation. 
 
 
 
 
 
 
 
 
 
 
 
 
The area of the indentation was determined by the formula: 
A = d2 / [2sin(136o/2)] ≈ d2 / 1.854 
where d is the average length of the diagonals of the indentation (d1 and d2 in Figure 3.23). 
The hardness was determined from the ratio of the applied force (F) to the surface area of 
the indentation (A): 
Hv = F / A ≈ 1.854F / d2 
The applied load was 100 g and the dwell time was 10 s. The dimensions of the indentation 
(d1 and d2 in microns) were measured manually using a low-power (50x) optical 
microscope. The average dimensions of the indentation (d) and the Vickers hardness 
number, in kgf/mm2, were computed by the instrument after d1 and d2 were entered. 
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In order to avoid edge effects, indentations were made at least 30 µm from the outer edge 
of the coating. To prevent interactions between work-hardened regions, the distance 
between neighbouring indentations was at least three times the average length of the 
diagonal (typically 50 µm) [94]. 
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4: RESULTS 
 
Results relating the slurry-coating of five wrought alloys are presented in this chapter. 
Section 4.1 describes the preliminary attempts to slurry-coat Alloy 800H, Alloy HCM12A 
and the defective coatings formed on both alloys. Section 4.2 deals with the slurry-
aluminised coatings formed on Fe-16Cr-4Al and Fe-27Cr-4Al substrates and their 
oxidation behaviour. Section 4.3 presents viscosity measurements of the lacquer and 
slurry; thermal analyses of different slurries are also described. The chapter ends by 
describing the development of a slurry-aluminised coating on Alloy 214 and includes a 
description of the coating degradation under oxidising conditions. 
 
4.1. Preliminary attempts to slurry-coat Alloy 800H and Alloy HCM12A 
4.1.1. Attempts to slurry-coat Alloy 800H 
In the first attempt to slurry-coat Alloy 800H, the slurry was composed of 3% aluminium, 
15% NiCrSi, 15% NiCrAlY, 66% de-ionised water and 1% hydroxypropylcellulose. The 
heat treatment was carried out at 1000oC for 1 h in a non-purified hydrogen atmosphere. 
The heat-treated substrates were then mounted, polished and examined in cross-section. 
Figure 4.1(a) is an SEM micrograph of the coating; EDS maps are presented in 
Figure 4.1(b)–(f). Semi-quantitative spot analyses, at the locations marked by the arrows 
A–C in Figure 4.1(a), are given in Table 4.1.  
 
Figure 4.1 SEM micrograph and EDS maps showing cross-section of coating formed on Alloy 800H from 
NiCrAlY-NiCrSi-aluminium slurry, heat-treated at 1000oC for 1 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
100 µm 
C 
A 
B 
(a) 
Cr 
(d) 
O 
(f) 
Si 
(e) 
Ni 
(c) 
Al 
(b) 
                                                                                                                                                               4: Results 
 
94 
 
Table 4.1 EDS analyses at locations marked A–C for the coating on Alloy 800H shown in Figure 4.1(a). 
 
 
 
 
The EDS maps in Figure 4.1 show that the coating was non-uniform in composition. It was 
composed mainly of non-melted spherical particles of NiCrAlY and NiCrSi, with oxidised 
surfaces. The silicon map in Figure 4.1(e) clearly indicates the locations of the NiCrSi 
particles. There was little evidence of diffusion bonding between the nickel-based alloy 
particles, or between the particles and the Alloy 800H substrate. 
 
In the second attempt to form a slurry coating, the slurry was composed of 
33% aluminium, 66% de-ionised water and 1% hydroxypropylcellulose. The heat 
treatment was carried out at 1000oC for 1 h. The heat treatment was carried in hydrogen 
gas, which had been passed through phosphorus pentoxide and hot copper turnings. During 
the heat treatment, the aluminium powder melted and reacted with the substrate to form a 
diffusion coating, as shown by the cross-sectional SEM micrograph in Figure 4.2(a). EDS 
maps and analyses at the locations labelled A–E are presented in Figure 4.2(b)−(f) and 
Table 4.2. 
 
Figure 4.2 SEM micrograph and EDS maps showing cross-section of coating formed on Alloy 800H from 
aluminium slurry, heat-treated at 1000oC for 1 h. 
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Table 4.2 EDS analyses at locations marked A−E for the coating on Alloy 800H shown in Figure 4.2(a). 
 
 
 
 
 
The aluminised coating was fully dense and more uniform than the slurry coatings 
prepared with NiCrAlY and NiCrSi powders. The coating shown in Figure 4.2 consisted of 
three main layers. The inner layer was 20 µm thick; the intermediate layer was 60 µm and 
outer layer was 150 µm. On the surface of the outer layer were some poorly adherent 
aluminium-rich coating fragments; an example, labelled square A, is shown in 
Figure 4.2(a). 
 
The outer layer of the coating was badly cracked. The aluminium content detected at 
location B in Figure 4.2(a) was 55%. The intermediate layer contained roughly 30% 
aluminium, plus iron, nickel and chromium from the substrate. The inner layer contained 
13% aluminium. The aluminium content of Alloy 800H substrate, adjacent to the 
coating/substrate interface, had increased from less than 0.5% in the original alloy to 4.5%. 
 
4.1.2. Attempts to slurry-coat Alloy HCM12A 
In the first attempt to form a slurry coating on Alloy HCM12A, the slurry contained 
11.5% aluminium, 11.5% NiCrSi, 1.5% hydroxypropylcellulose and 75.5% ethanol. The 
heat treatment was carried out in a purified hydrogen atmosphere at 1000oC for 1 h. A 
polished cross-section of the heat-treated coating is shown in Figure 4.3. EDS analyses 
carried out at the locations marked A–E are presented in Table 4.3. 
 
Figure 4.3 SEM micrograph showing cross-section of coating formed on Alloy HCM12A from aluminium-
NiCrSi slurry, heat-treated at 1000oC for 1 h. 
 
 
 
 
 
 
 
 
 
Location Al Ni Cr Fe 
A (fragment) 52 15 9 24 
B (outer layer) 54.5 18 12.5 15 
C (intermediate layer) 30 23 12.5 34.5 
D (inner layer) 13 24 22 41 
E (substrate) 4.5 29.5 20 46 
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Table 4.3 EDS analyses at locations marked A–E for coating on Alloy HCM12A shown in Figure 4.3. 
 
 
 
 
 
 
The coating shown in Figure 4.3 had an uneven surface and was non-uniform in thickness. 
The centre of the coating contained a line of voids, oriented parallel to the 
coating/substrate interface. The coating also contained numerous fine cracks running 
perpendicular to the coating/substrate interface. Some of these cracks passed through the 
entire thickness of the coating and propagated up to 100 µm into the substrate; others 
terminated at the line of voids near the centre of the coating. 
  
In the following experiment the NiCrSi particles were omitted from the slurry, which 
consisted of 23% aluminium, 1.5% hydroxypropylcellulose and 75.5% ethanol. The heat 
treatment was carried out in a purified hydrogen atmosphere at 1000oC for 1 h. An SEM 
micrograph of a polished cross-section of slurry-aluminised Alloy HCM12A is shown in 
Figure 4.4. 
 
Figure 4.4 SEM micrograph showing cross-section of coating formed on Alloy HCM12A from an 
aluminium slurry, heat-treated at 1000oC for 1 h. 
 
 
 
 
 
 
 
 
 
The coating shown in Figure 4.4 consisted of two layers. The outer layer was 
approximately 80 µm thick, and contained 69% iron, 25% aluminium and 6% chromium, 
as indicated by EDS analysis of the square labelled A. The inner layer was approximately 
100 µm thick and composed of 84% iron, 14% chromium and 2% aluminium, as shown by 
the EDS analysis of the square labelled B. 
 
Location Al Ni Cr Si Fe 
A (outer part of coating) 30 9 43 1 17 
B (outer part of coating) 20 14 52.5 1.5 12 
C (inner part of coating) 25 38 16 0.5 20.5 
D (near coating/substrate interface) 24 6 10 0.5 59.5 
E (substrate) 10 
– 
13 
– 
77 
  100 µm 
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The coating did not contain any cracks, but some small needle-like particles, typically 5–
20 µm in length, were detected in the inner layer. EDS analyses indicated that these were 
precipitates of aluminium nitride. Small voids, typically less than 5 µm in size, were 
present near the surface of the coating and at the interface between the inner and outer 
layers; however, the coating had fewer voids than the NiCrSi-aluminium coating described 
in the previous experiment. 
 
4.1.2.1. The relationship between coating thickness and mass of slurry deposited  
In order to ascertain the coating thickness as a function of the mass of slurry deposited, a 
third experiment was carried out using Alloy HCM12A as the substrate. Five coupons, 
each with dimensions of 7 mm x 7 mm x 5 mm, were prepared and coated with an 
aluminium slurry containing 0.5 g of aluminium powder (33%), 0.99 g of de-ionised water 
(66%) and 0.01 g of hydroxypropylcellulose (1%). A single layer of slurry was deposited 
on the first coupon; two layers of slurry were deposited to the second coupon, three layers 
on the third, four layers on the fourth and five layers on the fifth coupon. 
 
Figure 4.5(a)–(e) shows cross-sections of the five slurry-painted coupons before heat 
treatment. The layers were approximately 150, 270, 470, 560 and 820 µm thick. 
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Figure 4.5 Optical micrographs showing cross-sections of layers of as-deposited (i.e. non-heat-treated) 
aluminium slurry on Alloy HCM12A with (a) one layer, (b) two layers, (c) three layers, (d) four layers and 
(e) five layers of applied slurry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The five slurry-painted coupons shown in Figure 4.5 were then heat-treated at 1000oC for 
1 h in a purified hydrogen atmosphere. The five heat-treated coatings were 60 (± 5) µm, 
120, 190, 240 and 300 µm thick, as shown in Figure 4.6(a)–(e). The coatings were 
relatively uniform in thickness but contained voids, located mostly in the outer parts of the 
coatings, and cracks running perpendicular to the coating/substrate interface. Only the 
single-layer coating appeared to be free of cracks. 
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Figure 4.6 Optical micrographs showing cross-sections of slurry aluminised Alloy HCM12A after heat 
treatment with (a) one layer, (b) two layers, (c) three layers, (d) four layers and (e) five layers of applied 
slurry. Etched in 50 vol.% CH3COOH + 33 vol.% HNO3 + 17 vol.% HCl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1.3. Defects in coatings formed on Alloys 800H and HCM12A  
During the early stages of the experimental work, numerous defects were observed in the 
heat-treated coatings. Common defects included the following: 
i. non-uniform or patchy coatings; 
ii. cracking, lifting, peeling, blistering or spalling of the coating; 
iii. lumpy residue of unreacted, partially reacted or non-diffused slurry on the 
surface; 
iv. oxidation of the coating by oxygen present in the heat-treatment atmosphere.  
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Some examples of defective coatings are shown in Figure 4.7. The number under each 
photograph indicates the type of defect, according to the defects mentioned above. 
Oxidation of the coating during heat treatment was eliminated by the use of purified 
hydrogen or argon gas. 
 
Figure 4.7 Photograph showing examples of defects in slurry coatings on 800H and HCM12A alloy 
coupons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 shows photographs of some of the defects shown in Figure 4.7. The 
photographs, shown on the left column of Figure 4.8, show the poorly coated surfaces of 
the specimens. The optical micrographs, shown on the right column of Figure 4.8, show 
the defective coatings in cross-section. The dotted lines and rectangles from the 
photographs indicate the cross-section of the optical micrographs.  
 
 
 
 
 
 
 
1 cm 
i i i i 
iv iii 
ii ii 
iv 
iv 
iii 
iii 
iii 
                                                                                                                                                               4: Results 
 
101 
 
Figure 4.8 Photographs [(a), (c), (e) and (g)] and cross-sectional optical micrographs [(b), (d), (f) and (h)] of 
defective slurry coatings on Alloys 800H and HCM12A. 
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Figures 4.8(a)–(d) show defects caused by movement of the molten slurry, under the 
influence of high gas flow rates, during the diffusion heat treatment. The gas flow was 
from left to right; hence, the slurry was removed from the left-hand side of the coupon to 
the right-hand side, where the coating was formed with excessive thickness. 
 
Figure 4.8(e)–(f) shows a coupon where the slurry moved towards the centre of the coupon 
and left the edges uncoated. The excess of slurry at the centre of the coupon caused some 
unreacted slurry to form, which was easily detached from the coupon. This type of defect 
was observed often, as the edges of the coupon acted as preferential sites for separation of 
the dried slurry from the substrate. 
 
Figure 4.8(g) shows a defect where the coating has lifted from the centre of the coupon. 
This type of defect was common when bubbles, formed on the slurry, burst during the 
diffusion heat treatment. 
 
The results in the slurry-aluminising of Alloys 800H and HCM12A showed that the 
coatings were not as good as expected. Hence, the slurry method was applied to coat Fe-
Cr-Al alloys. Other reason to coat aluminium-containing alloys was to slow down the 
inward diffusion of aluminium from the coating to the substrate. 
 
4.2. The slurry-coating of Fe-Cr-Al alloys  
Coupons of Fe-16Cr-4Al and Fe-27Cr-4Al alloys were slurry-aluminised by applying two 
layers of slurry, which contained 33% aluminium, 66% de-ionised water and 
1% hydroxypropylcellulose. The slurry-coated coupons were heat-treated at 1000oC for 2 h 
in purified argon. 
 
4.2.1. Microstructures of coatings  
Figure 4.9 show optical micrographs of slurry-aluminised Fe-16Cr-4Al and Fe-27Cr-4Al 
alloys. In each case, the grain structure of the coating has been revealed by electrolytic 
etching in 10% oxalic acid at 2.5 V for 60 s. The thickness of the slurry-aluminised 
coatings on Fe-16Cr-4Al and Fe-27Cr-4Al alloys was approximately 200 (±5) and 300 
(± 10) µm. The elongated cold rolled microstructures of the as-received alloys changed to 
equi-axed grains with a ASTM grain size of 1.5 and 0.5 respectively. 
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Figure 4.9 Optical micrographs showing cross-sections of coatings obtained on (a) Fe-16Cr-4Al and (b) Fe-
27Cr-4Al alloys. Electro-etched in 10% oxalic acid at 2.5 V for 60 s. 
 
 
 
 
 
 
 
 
 
Figure 4.10 shows an SEM micrograph and EDS maps of the slurry-aluminised Fe-16Cr-
4Al alloy. The 200 µm thick coating contained small voids, approximately 8–10 µm in 
diameter, situated 30–35 µm below the surface as shown in Figure 4.10(a). EDS analysis in 
Table 4.4 shows that the coating comprises 64% iron, 28% aluminium and 9% chromium. 
 
Figure 4.10 SEM micrograph and EDS maps showing cross-section of slurry-aluminised Fe-16Cr-4Al alloy 
heat-treated at 1000oC for 2 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.4 EDS analyses at locations marked A–C for coating on Fe-16Cr-4Al alloy shown in Figure 4.10(a). 
 
 
 
 
Location Al Cr Fe 
A (coating) 27.5 9 63.5 
B (substrate, near to coating/substrate interface) 4.5 14 81.5 
C (substrate) 4 14 82 
100 µm 
Voids Coating 
(a) 
100 µm 
Coating 
(b) 
Fe 
(d) 
Cr 
(c) 
100 µm 
A 
B 
Voids 
C (a) 
Al 
(b) 
Coating/substrate 
interface 
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Figure 4.11 shows an SEM micrograph and EDS maps of the slurry-aluminised Fe-27Cr-
4Al alloy. Figure 4.11(a) shows that the coating is 300 µm thick. EDS analysis in Table 4.5 
gives coating composition as 65% iron, 28% aluminium and 7% chromium. Close to the 
coating/substrate interface, the aluminium content of the substrate has increased to almost 
10%. The coating has numerous cracks oriented perpendicular to the coating/substrate 
interface; some of these cracks propagate through the full coating thickness. 
 
Figure 4.11 SEM micrograph and EDS maps showing cross-section of slurry-aluminised Fe-27Cr-4Al alloy, 
heat-treated at 1000oC for 2 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.5 EDS analyses at locations marked A–C for coating on Fe-27Cr-4Al alloy shown in Figure 4.11(a). 
 
 
 
 
4.2.2. X-ray diffraction of slurry-coated Fe-Cr-Al alloys 
Before acquiring X-ray diffraction patterns from the slurry-aluminised coupons of Fe-Cr-
Al alloys, spectra were obtained from the uncoated, i.e. as-received, Fe-16Cr-4Al and Fe-
27Cr-4Al alloys. A plot of X-ray counts detected versus scattering angle (2θ) is shown in 
Figures 4.12 and 4.13. The positions of the peaks indicated that the alloys consisted of 
ferrite. 
 
 
Location Al Cr Fe 
A (coating) 28 7 65 
B (substrate, near to the coating/substrate interface) 9.5 27 63.5 
C (substrate) 4 28 68 
200 µm 
A 
C 
B 
(a) 
Al 
(b) 
Cr 
(c) 
Fe 
(d) 
Coating/substrate 
interface 
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Figure 4.12 X-ray diffraction spectrum of as-received Fe-16Cr-4Al alloy. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 X-ray diffraction spectrum of as-received Fe-27Cr-4Al alloy. 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 4.14 and 4.15 show the X-ray diffraction spectra obtained from the slurry-
aluminised Fe-16Cr-4Al and Fe-27Cr-4Al alloys, after heat treatment at 1000oC for 2 h. 
 
Figure 4.14 shows that the slurry-coating formed on Fe-16Cr-4Al alloy was composed 
chiefly of FeAl. Small amounts of scale are detected on the lightly oxidised surface of the 
coating. The scale consists of aluminium oxide doped with chromium, and has been 
identified as (Cr0.46Al1.54)O3 phase. The substrate, ferrite, was also detected. 
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Figure 4.14 X-ray diffraction spectrum of slurry-aluminised Fe-16Cr-4Al alloy, heat-treated at 1000oC for 
2 h. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15 shows that the slurry-coating formed on Fe-27Cr-4Al alloy was composed of 
FeAl. However, similar to the slurry-coating formed on Fe-16Cr-4Al alloy, ferrite was also 
detected. The absence of other phases in this spectrum indicates that the surface of the 
coating was not oxidised as much as the surface of the slurry-aluminised Fe-16Cr-4Al 
specimen. 
 
Figure 4.15 X-ray diffraction spectrum of slurry-aluminised Fe-27Cr-4Al alloy, heat-treated at 1000oC for 
2 h. 
 
 
 
 
 
 
 
 
 
 
 
4.2.3. Hardness measurements 
Hardness measurements were made, after etching in 10% oxalic acid, on Fe-16Cr-4Al and 
Fe-27Cr-4Al alloys in the as-received and slurry-aluminised condition. Figures 4.16 and 
4.17 show the hardness readings obtained. 
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The hardness of the as-received Fe-16Cr-4Al alloy was in the range 260–290 Hv. 
However, after slurry-aluminising, the hardness of the substrate was between 160 and 
185 Hv. The hardness of the coating was approaching 500 Hv, as shown in Figure 4.16(b); 
the hardness near the coating/substrate interface was typically above 300 Hv. 
 
Figure 4.16 Hardness of (a) as-received and (b) slurry-aluminised Fe-16Cr-4Al alloy. 
 
 
 
 
 
 
 
 
 
The hardness of the as-received Fe-27Cr-4Al alloy was in the range 190–210 Hv and 
between 235 and 240 Hv after slurry-aluminising, as shown in Figure 4.17(b). The 
hardness of the coating was 470–500 Hv whereas the hardness of the substrate, near the 
coating/substrate interface, was 400–450 Hv. 
 
Figure 4.17 Hardness of (a) as-received and (b) slurry-aluminised Fe-27Cr-4Al alloy. 
 
 
 
 
 
 
 
 
 
4.2.4. Cyclic oxidation of uncoated and slurry-coated Fe-Cr-Al alloys 
A decision was made not to test the slurry coatings formed on Alloys 800H and HCM12A, 
as the coatings were porous and non-uniform in thickness. However, the slurry-coatings 
obtained on Fe-16Cr-4Al and Fe-27Cr-4Al alloys were uniform in thickness and 
composition. For this reason, it was thought that the coatings were worth testing and 
comparing with uncoated Fe-16Cr-4Al and Fe-27Cr-4Al alloys. 
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Fe-Cr-Al alloys are widely used to produce heating elements, so that cyclic oxidation tests 
in this project looked more appropriate than isothermal oxidation tests. The repeated cycles 
cause spallation and re-growth of the alumina scale. They would also accelerate the 
degradation of the coating and will shorten the test. 
 
Selected slurry-aluminised and uncoated coupons of Fe-Cr-Al alloys were subjected to 
cyclic oxidation in static air at 1000°C. The conditions of the cyclic oxidation tests were 
described in Section 3.9. 
 
4.2.4.1. Optical microscopy after cyclic oxidation of slurry-coated and uncoated Fe-Cr-
Al alloys 
Figure 4.18 shows the microstructures of uncoated and coated coupons of Fe-16Cr-4Al 
alloy after cyclic oxidation tests. The main difference between the two micrographs is the 
substantial amount of voids formed in the coated coupon, as shown in Figure 4.18(b). 
Some of these voids have irregular shapes, others are more spherical with diameters up to 
80 µm. The formation of voids was not detected in the uncoated coupon. At the end of the 
cyclic oxidation test, the coating/substrate interface cannot be discerned. 
 
Figure 4.18 Optical micrographs of (a) uncoated and (b) slurry-aluminised Fe-16Cr-4Al alloy after eleven 
48-hour cycles at 1000oC (528 h in total). 
 
 
 
 
 
 
 
 
 
Figure 4.19 shows the microstructures of uncoated and coated coupons of Fe-27Cr-4Al 
alloy after cyclic oxidation test. The formation of voids was also detected near the surface 
of the slurry-aluminised coupon, as shown in Figure 4.19(b). The voids varied in size and 
shape; the largest oval-shaped void is approximately 60 µm in length and 30 µm across. A 
void on the right-hand side of the micrograph appears spherical in shape and is 
approximately 20 µm in diameter. The formation of voids was not detected in the uncoated  
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coupons of Fe-27Cr-4Al alloy. After cyclic oxidation tests, the coating/substrate interface 
were not discerned, as observed in the slurry-aluminised coupons of Fe-16Cr-4Al alloy. 
 
Evidence of grain growth during cyclic oxidation was observed on uncoated and coated 
coupons of Fe-27Cr-4Al alloy. The as-received alloy had elongated grains approximately 
100–650 µm in length and 40–150 µm across, as shown in Figure 3.2(b). After slurry 
aluminising, the grain size of the coating was ASTM 0.5, shown in Figure 4.9(b). 
However, after cyclic oxidation test the grain size of the coated substrate was ASTM 0, as 
shown in Figure 4.19(b). 
 
Figure 4.19 Optical micrographs of (a) uncoated and (b) slurry-aluminised Fe-27Cr-4Al alloy after eleven 
48-hour cycles at 1000oC (528 h in total).  
 
 
 
 
 
 
 
 
 
4.2.4.2. Scanning electron microscopy and energy dispersive analysis after cyclic 
oxidation of slurry-coated and uncoated Fe-Cr-Al alloys 
Figure 4.20 shows an SEM micrograph and EDS maps of the uncoated Fe-16Cr-4Al alloy 
after cyclic oxidation in air at 1000oC for 528 h. A layer of aluminium oxide, 
approximately 4 µm thick, was formed on the surface of the coupon, as shown in 
Figure 4.20(d)-(e). 
 
EDS data in Table 4.6 shows that after cyclic oxidation test, the aluminium content in the 
oxide layer was 53% and 4% in the substrate. The iron content in the substrate was 79%. 
The small yttrium-containing particles detected in the substrate contained 67% iron and 
were up to 4 µm in diameter, as shown in Figure 4.20(a). 
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Figure 4.20 SEM micrograph and EDS maps showing a cross-section of uncoated Fe-16Cr-4Al alloy, after 
528 h (11 x 48 h) at 1000oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.6 EDS analyses at locations marked A–C in Figure 4.20(a). 
 
 
 
 
Figure 4.21 shows an SEM micrograph and EDS maps of the uncoated Fe-27Cr-4Al alloy 
after cyclic oxidation in air at 1000oC for 528 h. A layer of aluminium oxide, 
approximately 3 µm thick, was formed on the surface of the coupon. 
 
EDS data in Table 4.7 indicate that the aluminium content in the oxide layer, after cyclic 
oxidation test, was 53% and 4–5 % in the substrate, at the locations marked B and C in 
Figure 4.21(a). The chromium and aluminium contents in locations B and C of Figure 4.21 
were 25–27% and 69–70% respectively. 
 
 
 
 
 
 
 
Location Al Cr Fe O Y 
A (oxide layer) 52.5 –  – 47.5 – 
B (substrate) 4 17 79 – – 
C Yttrium-rich particle 5.5 11 66.5 – 17 
50 µm 
A 
B 
C 
(a) 
Al 
(d) 
Fe 
(b) 
Cr 
(c) 
O 
(e) 
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Figure 4.21 SEM micrograph and EDS maps showing a cross-section of uncoated Fe-27Cr-4Al alloy, after 
528 h (11 x 48 h) at 1000oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.7 EDS analyses at locations marked A–C in Figure 4.21(a). 
 
 
 
 
Figure 4.22 shows an SEM micrograph and EDS maps of the slurry-aluminised Fe-16Cr-
4Al alloy after cyclic oxidation in air at 1000oC for 528 h. A layer of aluminium oxide, 
approximately 10 µm thick, was formed on the surface of the coating, as shown in 
Figure 4.22(b) and (e). 
 
EDS data in Table 4.8 indicate that the aluminium content on the surface of the coated 
coupon was 44%. However, the coating, the yttrium-containing particle and the substrate 
contained 8% aluminium. These figures indicate an aluminium enrichment of 100% in the 
substrate due to inward diffusion of this element. Figures 4.22(b) and (e) show that 
aluminium oxide was formed on the surfaces of the voids, which were detected near the 
surface of the coating. 
 
EDS analyses indicated a chromium content of 15.5−16% in the coating and substrate. The 
iron content in the coating and substrate was approximately 77% whereas the oxide layer 
and the yttrium-containing particles contained 35 and 65% iron respectively. Small 
Location Al Cr Fe O 
A (oxide layer) 53 –  – 47 
B (substrate, near to surface) 5 25 70 – 
C (substrate) 4 27 69 – 
50 µm 
A B 
C 
(a) 
Al 
(d) 
Fe 
(b) 
Cr 
(c) 
O 
(e) 
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particles containing 16−17% yttrium were detected in the substrate. The dimensions of the 
yttrium-containing particles were up to 10 µm in diameter, as shown in Figure 4.22(a). 
 
Figure 4.22 SEM micrograph and EDS maps showing a cross-section of slurry-aluminised Fe-16Cr-4Al 
alloy, after 528 h (11 x 48 h) at 1000oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.8 EDS analyses at locations marked A–D for coating shown in Figure 4.22(a). 
 
 
 
 
Figure 4.23 shows an SEM micrograph and EDS maps of the slurry-aluminised Fe-27Cr-
4Al alloy after cyclic oxidation in air at 1000oC for 528 h. A layer of aluminium oxide, 
approximately 10–12 µm thick, was formed on the coated surface. Figures 4.23(b) and (e), 
show that aluminium oxide was also formed on the surfaces of the voids. There appears to 
be some internal aluminium oxide along a grain boundary in the coating, as show in 
Figure 4.23(b). 
 
EDS data in Table 4.9 indicate an aluminium content of 6.5% in the outer part of the 
coating and 6% in the substrate, as shown in the locations marked B and D in 
Figure 4.23(a). 
 
 
 
Location Al Cr Fe O Y 
A (oxide layer) 43.5 6.5 35 15 – 
B (coating) 8 15.5 76.5 – – 
C (yttrium-containing particle) 8 9.5 65 – 16.5 
D (substrate) 7.5 16 76.5 – – 
100 µm 
A 
D 
B 
C 
(a) 
Al 
(b) 
Cr 
(c) 
Fe 
(d) 
O 
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Figure 4.23 SEM micrograph and EDS maps showing a cross-section of slurry-aluminised Fe-27Cr-4Al 
alloy, after 528 h (11 x 48 h) at 1000oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.9 EDS analyses at locations marked A–D for coating shown in Figure 4.23(a). 
 
 
 
 
 
During the cyclic oxidation tests, slightly more aluminium diffused into the Fe-16Cr-4Al 
alloy than into the Fe-27Cr-4Al alloy. At the end of the oxidation tests, the aluminium 
content of Fe-16Cr-Al alloy was 8% and the aluminium content of Fe-27Cr-4Al alloy was 
6%.  
 
Before the oxidation tests, the coating thickness of Fe-16Cr-4Al alloy was approximately 
160 µm and contained 28% aluminium. At the end of the cyclic oxidation tests for 528 h 
(11 cycles of 48 h each) at 1000oC, the slurry-aluminised Fe-16Cr-4Al alloy contained 
8% aluminium up to 200 µm below the surface. These figures indicate that approximately 
1.8% of aluminium was lost every cycle (i.e. every 48 h) due to spallation of the alumina 
layer. At the end of the cyclic oxidation test, the coating/substrate interface was not 
discernable. However, the aluminium content measured indicates that the slurry-
aluminised coupons were able to form an external protective alumina layer, which can 
Location Al Cr Fe O 
A (oxide layer) 21 22 39 18 
B (coating) 6.5 25.5 68 
– 
C (grain boundary) 2 40.5 57.5 
– 
D (substrate) 6 25.5 68.5 
– 
Al 
(b) 
Cr 
(c) 
Fe 
(d) 
O 
(e) 
100 µm 
A 
C 
B 
D 
(a) 
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provide oxidation resistance for another 2 cycles at 1000oC, before reaching an aluminium 
content of 4.5%. 
 
Before the oxidation tests, the coating thickness of Fe-27Cr-4Al alloy was approximately 
150 µm and contained 28% aluminium. At the end of the cyclic oxidation test, an 
aluminium content of 6% was measured 240 µm below the surface of the coupon. These 
figures indicate that approximately 2% of aluminium was lost, due to spallation of the 
10 µm thick alumina layer, every cycle. The aluminium content measured after cyclic 
oxidation of coated Fe-27Cr-4Al alloy was sufficient to resist oxidation for another 48 h at 
1000oC before reaching an aluminium content of 4%. 
 
4.2.4.3. X-ray diffraction after cyclic oxidation of slurry-coated and uncoated Fe-Cr-Al 
alloys 
Figures 4.24(a) and (b) show the X-ray diffraction spectra obtained from the uncoated and 
slurry-aluminised Fe-16Cr-4Al specimens after cyclic oxidation in air at 1000oC for 528 h. 
The phases detected in both coupons were ferrite and α-Al2O3. The peaks arising from the 
FeAl phase, as shown in Figure 4.14, were not detected in Figure 4.24(b). 
 
After oxidation, the α-Al2O3 peaks from the slurry-aluminised coupon were taller than the 
peaks from the uncoated coupon. This indicates that the amount of α-Al2O3 grown on the 
slurry-aluminised coupon was greater than the amount of α-Al2O3 grown on the uncoated 
coupon. 
 
Figure 4.24 X-ray diffraction spectra of (a) uncoated and (b) slurry-aluminised Fe-16Cr-4Al alloy after 528 h 
at 1000oC. 
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Figure 4.25(a) shows the X-ray diffraction spectrum obtained from the uncoated Fe-27Cr-
4Al alloy after cyclic oxidation in air at 1000oC for 528 h. The major phases were ferrite 
and α-Al2O3; chromium carbide (Cr23C6) was detected as a minor constituent. 
Figure 4.25(b) indicates that ferrite and α-Al2O3 were the only phases detected after cyclic 
oxidation of the slurry-aluminised Fe-27Cr-4Al coupon. The peaks arising from the FeAl 
phase were not detected. 
 
Figure 4.25 X-ray diffraction spectra of (a) uncoated and (b) slurry-aluminised Fe-27Cr-4Al alloy after 528 h 
at 1000oC. 
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4.2.4.4. Hardness measurements after cyclic oxidation of slurry-coated and uncoated 
coupons of Fe-16Cr-4Al alloy 
Hardness measurements made on slurry-aluminised and uncoated coupons of Fe-16Cr-4Al 
alloy after 528 h at 1000°C in air are presented in Figure 4.26. The hardness of the original 
heat-treated coating was approaching 500 Hv, as shown in Figure 4.16(b), and decreased to 
205–245 Hv after the cyclic oxidation test. The decrease in hardness was attributed to the 
conversion of FeAl to ferrite. 
 
In the as-received condition, the hardness of the uncoated Fe-16Cr-4Al alloy was 260–
290 Hv, as shown in Figure 4.16(a). After the cyclic oxidation test for 528 h at 1000oC in 
air, the hardness decreased to 205–245 Hv, as shown in Figure 4.26(b). The decrease in 
hardness was attributed to re-crystallisation of the cold-worked structure. 
 
Figure 4.26 Hardness of (a) slurry-aluminised and (b) uncoated Fe-16Cr-4Al alloy after 528 h at 1000oC. 
 
 
 
 
 
 
 
 
 
 
4.2.4.5. Hardness measurements after cyclic oxidation of slurry-coated and uncoated 
coupons of Fe-27Cr-4Al alloy 
Figure 4.27 shows the hardness measurements made on slurry-aluminised and uncoated 
coupons of Fe-27Cr-4Al alloy after 528 h at 1000oC. The hardness of the heat-treated 
coating was 475–500 Hv, as shown in Figure 4.17(b); however, after the cyclic oxidation 
test the hardness decreased to 220–240 Hv, as shown in Figure 4.27(a). 
 
The hardness of the as-received Fe-27Cr-4Al alloy was 190–210 Hv, Figure 4.17(a). After 
the cyclic oxidation test for 528 h at 1000oC in air, the hardness increased to 205–230 Hv, 
as shown in Figure 4.27(b). 
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Figure 4.27 Hardness of (a) slurry-aluminised and (b) uncoated Fe-27Cr-4Al alloy after 528 h at 1000oC. 
 
 
 
 
 
 
 
 
 
4.3. Viscosity and thermal analysis  
4.3.1. Viscosity of lacquer and slurry  
Figure 4.28 shows viscosity measurements made with the parallel-plate rheometer for a 
lacquer composed of 1.5% binder and 98.5% de-ionised water. Figure 4.29 shows viscosity 
measurements for a slurry containing 33% aluminium powder, 66% de-ionised water and 
1% binder. 
 
Figure 4.28 Graphs of lacquer viscosity versus shear rate at 15, 20, 25 and 30oC for lacquer composed of 
1.5 wt. % hydroxypropylcellulose and 98.5 wt.% de-ionised water. 
 
 
 
 
 
 
 
 
 
Figure 4.29 Graphs of slurry viscosity versus shear rate at 15, 20, 25 and 30oC for slurry composed of 
33 wt. % aluminium particles, 1 wt. % hydroxypropylcellulose and 66 wt.% de-ionised water. 
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It was found that a lacquer with a viscosity of 200–250 centipoises at 20oC was suitable for 
preparing the slurry. The slurry was more viscous than the lacquer because it contained 
33% aluminium powder; the slurry had a viscosity of 400–450 centipoises at 20oC. 
Figures 4.28 and 4.29 indicate that the viscosities of the lacquer and the slurry both 
decreased as the temperature is increased. 
 
4.3.2. Differential scanning calorimetry (DSC) and thermo-gravimetric analysis 
(TGA) of aluminium-containing slurries 
The main purpose of the work described in this section was to ascertain the temperatures at 
which the binders were removed from the slurries during heat treatment. Coupons of 
Alloy 214 were painted with slurries containing aluminium, water and either 
methylcellulose or hydroxypropylcellulose, and subjected to DSC and TGA. The 
experiments were carried out in argon to simulate the inert atmosphere used in heat-
treating the slurry coatings. The experiments were repeated in oxygen to find out whether 
any changes in the behaviour of the slurries occurred when heat treatments took place 
under oxidizing conditions.  
 
Figures 4.30 and 4.31 show the DSC and TGA plots, obtained in argon atmospheres, for 
coupons of Alloy 214 painted with aqueous aluminium slurries containing 
hydroxypropylcellulose and methylcellulose binders respectively. The left-hand side axis 
represents the weight change in %. The right-hand side axis represents the heat changes in 
mW/mg. Both axes are plotted against temperature.  
 
The complete removal of the water carrier from the slurries took place after approximately 
8 minutes. After this time, a temperature slightly above 100oC was reached by the 
equipment, which had a heating rate of 10oC/min. TGA curves in Figures 4.30 and 4.31 
indicate that hydroxypropylcellulose and methylcellulose were removed from the slurry 
between 310 and 370oC. The time taken, from the beginning of the experiment until the 
binders were removed from the slurry, was approximately 35 minutes. Both TGA curves 
indicated that the specimens slowly began to gain weight as the temperature approached 
400°C. After the temperature exceeded 550oC, increases in the slopes of the TGA curves 
due to gain weight, were noted and continued until the end of the experiment at 1000oC. 
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Figure 4.30 DSC and TGA plots for aluminium-hydroxypropylcellulose-water slurry, heated in argon. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31 DSC and TGA plots for aluminium-methylcellulose-water slurry, heated in argon. 
 
 
 
 
 
 
 
 
 
 
 
 
The DSC curves of Figures 4.30 and 4.31 exhibited some fluctuations in baseline signals 
between 50 and 200oC. The endothermic peaks between 50 and 100oC correspond to 
moisture evaporation from the slurry. The exothermic peaks between 100 and 200oC were 
attributed to the glass transition temperature (Tg) of hydroxypropylcellulose and 
methylcellulose [95]. The Tg is the temperature at which an amorphous polymer, such as 
hydroxypropylcellulose, changes from a hard glassy form to a rubber-like plastic structure 
[96]. Above 200oC, the DSC curves show no fluctuations in baseline signals until 
approximately 550oC, where the commencement of oxidation took place. The endothermic 
troughs at 660oC corresponded to the melting of aluminium whereas the shoulders, on the 
right-hand sides of the troughs, between 660 and 700oC were attributed to changes in the 
heat capacity of molten aluminium [97]. 
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Figure 4.30 shows an exothermic peak between 725 and 750oC; a similar but smaller peak 
is observed in Figure 4.31. More endothermic troughs occurred at approximately 850, 950 
and 990oC. The trough at approximately 950oC was barely noticeable in Figure 4.30 but 
was substantial in Figure 4.31. 
 
Figures 4.32 and 4.33 show the DSC and TGA plots obtained in oxygen atmospheres for 
coupons of Alloy 214 painted with aqueous aluminium slurries containing 
hydroxypropylcellulose and methylcellulose respectively. 
 
The TGA curve in Figure 4.32 shows that hydroxypropylcellulose binder was removed 
from the slurry between 210 and 230oC in 2 minutes. The TGA curve of Figure 4.33 
indicates that methylcellulose binder was removed between 250 and 300oC in 4 minutes. 
However, the time taken from the beginning of the experiment until the binders were 
removed from the slurry was approximately 20 minutes for hydroxypropylcellulose and 
25 minutes for methylcellulose. Both TGA curves indicated that the specimens started to 
gain weight, due to oxidation, at approximately 550oC. The oxidation rate increased with 
temperature and the slopes of the curves became progressively steeper above 800oC. 
 
The DSC curves in Figures 4.32 and 4.33 show endothermic troughs between room 
temperature and 100°C due to water evaporation from the slurry. Fluctuations in baseline 
signal continued until approximately 200°C due to glass transition temperatures (Tg) of 
hydroxypropylcellulose and methylcellulose. The exothermic peak at 210oC, in the DSC 
curve of Figure 4.32, was due to the removal of hydroxypropylcellulose binder from the 
slurry. A similar peak at 260oC in Figure 4.33 was caused by the removal of 
methylcellulose. As the temperature increased, no fluctuations in baseline signals of the 
DSC curves were observed in Figures 4.32 and 4.33. Exothermic peaks associated with the 
commencement of oxidation were detected at about 550oC. The next salient features in the 
DSC curves were the endothermic troughs at the melting point of aluminium and increases 
in baseline signals beginning at about 800°C due to oxidation. A small endothermic trough 
at 850°C was noted in Figure 4.33, but was barely detectable in Figure 4.32. This feature 
was more prominent in Figures 4.30 and 4.31 and appeared to have been masked by the 
rising baseline signal associated with the switch from argon to oxygen. 
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Figure 4.32 DSC and TGA plots for aluminium-hydroxypropylcellulose-water slurry, heated in oxygen. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.33 DSC and TGA plots for aluminium-methylcellulose-water slurry, heated in oxygen. 
 
 
 
 
 
 
 
 
 
 
 
 
4.4. Slurry coatings on Alloy 214 
Coupons of Alloy 214 were aluminised by applying two layers of slurry containing 33% 
aluminium, 66% de-ionised water and 1% hydroxypropylcellulose. After both layers had 
dried, the weight increase per coupon was consistently around 0.13 ± 0.01 g/cm2. The heat 
treatments were carried out at 700 or 1000oC for periods between 1 and 8 h in purified 
hydrogen gas. 
 
4.4.1. Microstructures of coatings heat-treated at 700oC 
Figures 4.34 to 4.37 show optical micrographs and SEM micrographs with EDS analyses 
of slurry-aluminised Alloy 214 after heat treatment at 700oC for 2, 4, 6 and 8 h. 
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After the two-hour heat treatment, the coating consisted of two layers, as shown in 
Figure 4.34. The inner and outer layers were 65 and 285 µm thick respectively. Each layer 
contained 56–60% aluminium, 33–35% nickel, 6–7% chromium and 1–2% iron. A crack, 
oriented parallel to the coating/substrate interface, was formed in the inner layer. 
 
Figure 4.34 Micrographs of slurry-aluminised Alloy 214, heat-treated at 700oC for 2 h; (a) optical 
micrograph showing cross-section of coating, (b) optical micrograph showing inner layer, (c) SEM 
micrograph of coating with EDS analyses and (d) SEM micrograph of inner layer with EDS analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After increasing the heat-treatment time to 4 h, the coating was still composed of two 
layers, as shown in Figure 4.35. The inner layer was 100 µm thick and the outer layer was 
200 µm. The aluminium content was 55–57% in the inner layer and 58–59% in the outer 
layer. The chromium content was 8–12% in the inner layer and 4–10% in the outer layer. 
In both layers, the nickel and iron contents were 31–36% and 1–2% respectively. The inner 
layer was cracked, near the coating/substrate interface, as illustrated in Figure 4.35. 
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Figure 4.35 Micrographs of slurry-aluminised Alloy 214, heat-treated at 700oC for 4 h; (a) optical 
micrograph showing cross-section of coating, (b) optical micrograph showing inner layer, (c) SEM 
micrograph of coating with EDS analyses and (d) SEM micrograph of inner layer with EDS analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.36 shows the microstructure of the coating heat-treated for 6 h. The outer layer 
was 210 µm thick and the inner layer was 120 µm. In both layers, the aluminium content 
was 58–59%. The outer part of each layer contained 30% nickel, whereas the inner part of 
the outer layer contained 39% nickel. The chromium content varied between 2 and 9% 
through the whole coating; the iron content was between 1 and 4%. Figure 4.36(b) shows a 
crack, oriented parallel to the coating/substrate interface, which propagated below the 
centre of the inner layer. 
 
Figure 4.36 Micrographs of slurry-aluminised Alloy 214, heat-treated at 700oC for 6 h; (a) optical 
micrograph showing cross-section of coating, (b) SEM micrograph of coating with EDS analyses. 
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The coating formed after heat treatment for 8 h is shown in Figure 4.37. The outer layer 
was 145 µm thick and the inner layer was 135 µm. The aluminium content was 58–62% in 
the outer layer and 55–59% in the inner layer. The chromium content was 4–11% in the 
inner layer and 2–10% in the outer layer. The nickel content was between 26−39% in the 
outer layer and 32–36% in the inner layer. The iron content was 1–2% in both layers. A 
crack, oriented parallel to the coating/substrate interface, was detected below the centre of 
the inner layer. 
 
Figure 4.37 Micrographs of slurry-aluminised Alloy 214, heat-treated at 700oC for 8 h; (a) optical 
micrograph showing cross-section of coating and (b) SEM micrograph of coating with EDS analyses and 
(c) optical micrograph showing grain structure of inner layer etched with 50 vol.% CH3COOH + 33 vol.% 
HNO3 + 17 vol.% HCl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.10 shows that the aluminium content detected in the inner layers of the coatings 
heat-treated at 700oC, was approximately 3% less than the aluminium content detected in 
the outer layers. The nickel, chromium and iron contents were similar in both layers. 
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Table 4.10 Slurry-aluminised coating compositions on Alloy 214 heat-treated at 700oC for 2, 4, 6, and 8 h. 
 
 
 
 
 
 
 
 
 
Table 4.11 shows that the thickness of the inner layer increases and the thickness of the 
outer layer decreases after applying longer heat treatments at 700oC, as shown in 
Figures 4.34–4.37. 
 
Table 4.11 Coating thicknesses formed on Alloy 214 after heat treatment at 700oC for 2, 4, 6, and 8 h. 
 
 
 
 
 
 
Table 4.12 shows that the coating thickness, for a specific amount of slurry deposited per 
unit area, depends mainly on the heat-treatment time. 
 
Table 4.12 Mass of slurry deposited on Alloy 214 before heat treatment, and coating thicknesses after 1–8 h 
at 700oC. 
 
 
 
 
 
 
 
 
                                               
∗
 Normalised = inconsistencies in the data tabulated in Table 4.12 have been diminished by using the 
following mathematical procedure:  
Third column: [(0.14) (0.13)] / 0.14 = 0.13; [(0.12) (0.13)] / 0.12 = 0.13 
Fifth column: [(350) (0.13)] / 0.14 = 325; [(280) (0.13)] / 0.12 = 300 
 
Inner layer 
wt.% 
Aluminium 
wt.% 
Nickel 
 
wt.% 
Chromium 
wt.% 
Iron 
2 h 56−57 35 6−7 2 
4 h 55−57 31−33 8−12 2 
6 h 58−59 30−35 5−8 1−4 
8 h 55−59 32−36 4−11 1−2 
Outer layer     
2 h 58−60 33−34 6 1−2 
4 h 58−59 31−36 4−10 1−2 
6 h 58−59 30−39 2−9 1−2 
8 h 58−62 26−39 2−11 1−2 
Heat 
treatment 
time (h) 
Coating 
thickness 
(µm) 
Inner layer 
thickness  
(µm) 
Outer layer 
thickness  
(µm) 
2 350 65 285 
4 300 100 200 
6 330 120 210 
8 280 135 145 
Heat-
treatment 
time (h) 
Slurry 
deposited 
(g/cm2) 
∗
 Normalised 
slurry deposited 
(g/cm2) 
Coating 
thickness 
(µm) 
∗
 Normalised 
coating thickness 
(µm) 
1 0.13 0.13 320 320 
2 0.14 0.13 350 325 
3 0.12 0.13 280 300 
4 0.13 0.13 300 300 
5 0.13 0.13 310 310 
6 0.13 0.13 330 330 
7 0.14 0.13 340 315 
8 0.12 0.13 280 300 
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Normalisation was applied to the data in Table 4.12 to diminish the variation in the 
repeated measured data related to the amount of slurry deposited on each coupon. The data 
different to 0.13, i.e. 0.14 and 0.12, from the second column of Table 4.12, were 
normalised by multiplying by 0.13 and the result was divided by either 0.14 or 0.12. The 
same procedure was followed to obtain the normalised coating thickness. 
 
Figure 4.38 shows a plot of the normalised coating thickness versus heat-treatment time 
from the data presented in Table 4.12. Small variations in the normalised coating thickness 
were observed after applying heat treatments for 1 to 8 h at 700oC on Alloy 214. 
 
Figure 4.38 Normalised coating thicknesses versus heat-treatment time at 700oC for slurry-aluminised 
Alloy 214. 
 
 
 
 
 
 
 
 
4.4.2. Microstructures of coatings heat-treated at 1000oC 
Figures 4.39 to 4.43 show optical micrographs and SEM micrographs of slurry-aluminised 
Alloy 214 after heat treatment at 1000oC for 1, 3, 5 and 7 h. In each case, the coating 
consists of three layers. 
 
Figure 4.39 shows micrographs of slurry-aluminised Alloy 214 after heat treatment at 
1000oC for 1 h. The three-layer coating was 240 µm thick and free of cracks. The 155-µm 
outer layer was composed of coarse equi-axed grains, which were revealed after etching. 
The 75-µm intermediate layer consisted of columnar grains. The 10-µm inner layer was 
constituted of fine acicular grains. 
 
EDS analysis indicated that the large grains in the outer layer contained approximately 
58% nickel, 34% aluminium, 5% chromium and 3% iron. A chromium-aluminium phase, 
containing 51% chromium, 44% aluminium, 3% iron and 2% nickel, was detected in the 
grain boundaries. The intermediate layer was similar in composition to the coarse grains in 
the outer layer; the analysis showed 35% aluminium, 59% nickel, 4% chromium and 
0
100
200
300
400
1 2 3 4 5 6 7 8
Heat-treatment time (h)
N
o
rm
a
lis
ed
 
co
a
tin
g 
 
th
ic
kn
es
s 
(µ
m
)
                                                                                                                                                               4: Results 
 
127 
2% iron. Two different compositions were detected in the inner layer. One is composed of 
a chromium-rich phase containing 77% chromium, 18% nickel, 3% iron and 2% 
aluminium. These figures suggest that is α-Cr phase. The other composition comprised 
58% nickel, 23% chromium, 14% aluminium and 5% iron. 
 
Figure 4.39 Micrographs of slurry-aluminised Alloy 214, heat-treated at 1000oC for 1 h; (a) optical 
micrograph showing cross-section of coating, (b) SEM micrograph of inner layer with EDS analyses, 
(c) optical micrograph showing grain structure of coating etched with 50 vol.% CH3COOH + 33 vol.% HNO3 
+ 17 vol.% HCl and (d) SEM micrograph with EDS analyses in the three layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.40(b)–(d) shows EDS and X-ray maps for aluminium, nickel and chromium for 
the coating shown in Figure 4.40(a). In the outer layer, the EDS maps clearly indicate 
enrichment of chromium and aluminium, with a concomitant depletion of nickel, in the 
intergranular phase. 
 
Analysis at location B confirms that the grain-boundary precipitates in the outer layer were 
chromium-rich with high aluminium contents. It was observed that the aluminium content 
decreased from the surface of the coating towards the substrate; however, the nickel and 
chromium contents increased towards the substrate. The iron content was similar in all the 
areas analysed. 
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Figure 4.40 Cross-sections of slurry-aluminised Alloy 214 after heat treatment at 1000oC for 1 h; (a) SEM 
micrograph of coating, (b) EDS map for aluminium, (c) EDS map for nickel and (d) EDS map for chromium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chemical compositions at the locations marked A–F in Figure 4.40(a) are given in 
Table 4.13. 
 
Table 4.13 EDS analyses at locations marked A–F for coating shown in Figure 4.40(a). 
 
 
 
 
 
 
Figure 4.41 shows the slurry-coating obtained after heat treatment at 1000oC for 3 h. The 
outer layer was 175 µm thick and composed of coarse equi-axed grains. The columnar-
grained intermediate layer was 95 µm thick. The fine-grained inner layer was 10 µm thick, 
as shown in Figure 4.41(b). The microstructure and composition were very similar to that 
of the coating heat-treated for 1 h. EDS analyses are presented in Figure 4.41(c). This 
coating was 40 µm thicker than the coating heat-treated for 1 h and contains a crack, 
running parallel to the coating/substrate interface, in the outer layer. 
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Figure 4.41 Micrographs of slurry-aluminised Alloy 214, heat-treated at 1000oC for 3 h; (a) optical 
micrograph showing cross-section of coating, (b) optical micrograph of inner layer and (c) SEM micrograph 
of coating with EDS analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42 shows the coating heat-treated for 5 h at 1000oC. The outer layer was 
approximately 190 µm thick and composed of coarse equi-axed grains. The intermediate 
layer was 95 µm thick and consisted of columnar grains. The inner layer was 
approximately 15 µm thick and composed of fine needle-like grains, as shown in 
Figure 4.42(b).  
 
EDS analyses presented in Figure 4.42(c), indicated that the coarse grains in the outer layer 
contained approximately 58% nickel and 34% aluminium, with small amounts of 
chromium and iron. A second phase containing 55% chromium and 40% aluminium was 
detected in the boundaries between the coarse grains. The intermediate layer contained 
55% nickel and 35% aluminium, with small amounts of chromium and iron. The inner 
layer was constituted of 50% nickel, 35% chromium, 11% aluminium and 4% iron. 
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Figure 4.42 Micrographs of slurry-aluminised Alloy 214, heat-treated at 1000°C for 5 h; (a) optical 
micrograph showing cross-section of coating, (b) optical micrograph of inner layer and (c) SEM micrograph 
of coating with EDS analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.43 shows cross-sections of the coating heat-treated at 1000oC for 7 h. There were 
three layers, as described for the shorter heat treatments, and the total coating thickness 
was 325 µm. The outer layer was 190 µm thick and its coarse, equi-axed grains contained 
approximately 52% nickel, 40% aluminium, 5% chromium and 3% iron. The grain-
boundary phase contained 54% chromium and 43% aluminium. The columnar-grained 
intermediate layer was 110-µm thick and had a similar composition to the coarse grains of 
the outer layer. The fine-grained inner layer contained 50% nickel, 35% chromium, 
10% aluminium and 5% iron; it was 25-µm thick. 
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Figure 4.43 Micrographs of slurry-aluminised Alloy 214, heat-treated at 1000oC for 7 h; (a) optical 
micrograph showing cross-section of coating, (b) optical micrograph of inner layer and (c) SEM micrograph 
of coating with EDS analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In comparing the coatings shown in Figures 4.39–4.43, it can be noticed that the 
chromium-rich phase, detected in the grain boundaries of the outer layer, dissolves as the 
duration of the heat treatment increases. After the seven-hour heat treatment, considerably 
less chromium-rich phase was detected than after the one-hour heat treatment. 
 
Longer heat-treatment periods thickened the inner layers of the coating. After the one-hour 
heat treatment the inner layer was 10 µm thick in a 240-µm coating, as shown in 
Figure 4.39. However, after the seven-hour heat treatment, the inner layer was 
approximately 25-µm thick in a 320-µm coating, as shown in Figure 4.43. 
 
The thicknesses of the four coatings, heat-treated for different periods at 1000°C, are 
summarised in Table 4.14. The relationship between coating thickness and amount of 
slurry deposited was determined from the data presented in Table 4.15. This table includes 
the results obtained from additional heat treatments lasting 2, 4, 6 and 8 h at 1000°C. A 
graph of normalised coating thickness versus heat-treatment time at 1000°C is plotted in 
Figure 4.44. 
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Table 4.14 Coating thicknesses formed on Alloy 214 after heat treatment at 1000oC for 1, 3, 5, and 7 h. 
 
 
 
 
 
 
Table 4.15 Mass of slurry deposited on Alloy 214 before heat treatment, and coating thickness after 1–8 h at 
1000oC. 
 
 
 
 
 
 
 
 
Figure 4.44 shows that the normalised coating thicknesses, obtained from heat-treatments 
lasting between 1 and 8 h at 1000oC, varied between 340 and 260 µm. These two data were 
observed after 4 and 5 h heat-treatment respectively. However, after the 4 h heat treatment, 
the non-normalised coating thickness (column 4 from Table 4.13) was 40 µm thinner that 
that obtained after the 5 h heat-treatment. 
 
Figure 4.44 Normalised coating thicknesses versus heat-treatment time at 1000oC for slurry-aluminised 
Alloy 214.  
 
 
 
 
 
 
 
 
4.4.3. Microstructures of coatings heat-treated at 1000 and 1150oC 
In this project, the major phase present in the coatings heat-treated at 1000oC was δ-Ni2Al3. 
In commercial coatings, i.e. those applied to gas turbine components, it is normal 
                                               
∗
 Normalised = as earlier table. Inconsistencies in the data in Table 4.15 were eliminated by using the method 
described in Section 4.4.1. 
Heat-
treatment  
time (h) 
Coating  
thickness  
(µm) 
Inner layer 
thickness  
(µm) 
Intermediate 
layer thickness 
(µm) 
Outer layer 
thickness 
(µm) 
1 240 10 75 155 
3 280 10 95 175 
5 300 18 95 190 
7 320 23 110 190 
Heat-
treatment 
time (h) 
Slurry 
deposited 
(g/cm2) 
∗
 Normalised 
slurry deposited 
(g/cm2) 
Coating 
thickness 
(µm) 
∗
 Normalised 
coating thickness 
(µm) 
1 0.10 0.13 240 312 
2 0.12 0.13 300 325 
3 0.13 0.13 280 280 
4 0.10 0.13 260 338 
5 0.15 0.13 300 260 
6 0.14 0.13 340 316 
7 0.13 0.13 320 320 
8 0.18 0.13 430 310 
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procedure to apply an additional heat treatment to convert the brittle δ-Ni2Al3 to β-NiAl 
phase [98, 99]. In this project, an additional heat treatment, for 2 h at 1150oC in a hydrogen 
atmosphere, was applied to the slurry-aluminised coupons containing the δ-Ni2Al3 phase, 
i.e. those heat-treated at 1000oC for 2 h.  
 
Figure 4.45 shows optical micrographs and an SEM micrograph of the slurry-aluminised 
coating after the second heat treatment. The coating is uniform in thickness, and 
approximately 170 µm thick. No cracks were detected in the coating or at the 
coating/substrate interface. EDS analyses showed that the outer and central parts of the 
coating contained 26–31% aluminium and 63–69% nickel. Approximately 50 µm from the 
coating/substrate interface, the aluminium and nickel contents of the coating were 18 and 
74% respectively. After the additional two-hour heat treatment at 1150oC, the intergranular 
Cr5Al8 phase, formed after the two-hour heat treatment at 1000oC, was no longer detected. 
The Cr5Al8 phase was transformed to small chromium-rich precipitates, containing 
23% nickel and 8% aluminium, located in the inner part of the coating, as shown in Figures 
4.45(a) and (b). The surface of the coating appeared more oxidised than it was after the 
first heat treatment at 1000°C. 
 
Figure 4.45 Micrographs showing cross-sections of slurry-aluminised coating on Alloy 214, heat-treated at 
1000oC for 2 h and at 1150oC for 2 h to convert δ-Ni2Al3 to β-NiAl; (a) optical micrograph (polished), (b) 
optical micrograph (etched in 50 vol.% CH3COOH + 33 vol.% HNO3 + 17 vol.% HCl), and (c) SEM 
micrograph with EDS analyses. 
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No significant difference in the quality of the coating was observed by applying a heat 
treatment for periods between one and eight hours at 1000oC. A two-hour heat treatment at 
1000oC, followed by further heat treatment at 1150°C for another two hours was adopted 
as the standard heat treatment for slurry-aluminised coatings on Alloy 214 in this project. 
 
4.4.4. X-ray diffraction of slurry-aluminised Alloy 214  
Before acquiring X-ray diffraction spectra from the slurry-aluminised coupons of 
Alloy 214, a spectrum was obtained from the uncoated, i.e. as-received, alloy. A plot of 
scattering angle (2θ) versus X-ray counts detected is shown in Figure 4.46. The positions 
of the peaks indicated that the alloy consisted chiefly of austenite, with a small volume 
fraction of γ′-Ni3Al. 
 
Figure 4.46 X-ray diffraction spectrum of as-received Alloy 214. 
 
 
 
 
 
 
 
 
 
 
Figures 4.47–4.49 show the diffraction spectra obtained from slurry-aluminised coupons of 
Alloy 214 after heat treatment at 700oC for 1, 2 and 7 h. 
 
Figure 4.47 shows the X-ray diffraction spectrum obtained from slurry-aluminised 
Alloy 214 after heat-treatment at 700oC for 1 h. The tallest peak corresponds to the 
austenitic substrate, which was detected due to bare areas at the edges of the coupon. The 
other two main constituents of the coating were identified as NiAl3 and Cr2Al13. Other 
phases such as the intermetallic compound CrNiFe, which contains chromium, nickel and 
iron, each at concentrations of 33 at.%, Cr2Al, Ni2Al3 and Ni3Al were also identified. 
Although the heat treatment was carried at a temperature where sensitisation takes place, 
no carbides were detected by X-ray diffraction. 
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Figure 4.47 X-ray diffraction spectrum of slurry-aluminised Alloy 214, heat-treated at 700oC for 1 h. 
 
 
 
 
 
 
 
 
 
 
Aluminium oxide, α-Al2O3, was the additional phase detected after heat treatments lasting 
2 and 7 h at 700oC, as shown in Figures 4.48 and 4.49. This phase was detected at 
approximately 2θ = 86 and 88o. However, the main constituents of the coating, in each 
case, were NiAl3 and Cr2Al13. Comparison of X-ray diffraction peaks indicated that the 
signal from the Ni2Al3 and Cr2Al13 phases grew weaker as the duration of the heat-
treatment increased, whereas the signal from the NiAl3 phase became slightly stronger. 
 
Figure 4.48 X-ray diffraction spectrum of slurry-aluminised Alloy 214, heat-treated at 700oC for 2 h. 
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Figure 4.49 X-ray diffraction spectrum of slurry-aluminised Alloy 214, heat-treated at 700oC for 7 h. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.50 shows the X-ray diffraction spectrum obtained from slurry-aluminised 
Alloy 214 after heat treatment at 1000°C for 2 h. The phases detected in the coating were 
NiAl, Ni2Al3, Cr5Al8, austenite and α-Al2O3. The presence of Ni2Al3 and Cr5Al8 phases 
was confirmed by EDS analyses. Austenite was detected in the coating; however, its low 
content was not identified by EDS. Neither mapping nor EDS analyses were carried on the 
surface of the coating; for this reason, aluminium oxide (α-Al2O3) was not identified by 
EDS. 
 
Figure 4.50 X-ray diffraction spectrum of slurry-aluminised Alloy 214, heat-treated at 1000oC for 2 h.
 
 
 
 
 
 
 
 
 
 
 
Figure 4.51 shows that identical phases were detected after a six-hour heat treatment at 
1000°C. 
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Figure 4.51 X-ray diffraction spectrum of slurry-aluminised Alloy 214, heat-treated at 1000oC for 6 h. 
 
 
 
 
 
 
 
 
 
 
Figure 4.52 shows the X-ray diffraction spectrum obtained from slurry-aluminised 
Alloy 214 after the two-stage heat-treatment. The major phase detected in the coating was 
β-NiAl; the δ-Ni2Al3 phase had been converted to β-NiAl and was no longer detected. The 
aluminium oxide, α-Al2O3, was detected in the diffraction spectrum, because the surface of 
the coating had oxidised slightly during the second stage of the heat treatment. The 
chromium-rich precipitates observed in Figure 4.45(a) and (b) were not identified in the 
diffraction spectrum. 
 
Figure 4.52 X-ray diffraction spectrum of slurry-aluminised Alloy 214, after heat-treatment at 1000oC for 
2 h and at 1150oC for 2 h. 
 
 
 
 
 
 
 
 
 
 
4.4.5. Hardness measurements 
Before obtaining Vickers hardness readings from the slurry-aluminised coupons of 
Alloy 214, hardness measurements were obtained from the uncoated, i.e. as-received alloy. 
A polished cross-section of Alloy 214 substrate is shown in Figure 4.53. Hardness readings 
of 300–320 Hv were measured. 
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Figure 4.53 Hardness measurements for as-received Alloy 214. 
 
 
 
 
 
 
 
 
 
4.4.5.1. Hardness measurements of slurry-coatings heat-treated at 700oC 
Figure 4.54 shows Vickers hardness readings obtained from slurry-aluminised coupons of 
Alloy 214 after heat-treatment at 700oC for 2, 4, 6 and 8 h. In each case, the inner layer of 
the coatings was harder than the outer layers. Hardness readings of 710–760 Hv were 
measured in the outer layers, and 860–910 Hv in the inner layers. The hardness of the 
slurry-aluminised Alloy 214 substrate was 300–375 Hv, near the coating/substrate 
interface. This hardness is slightly above the hardness of the as-received alloy, shown in 
Figure 4.53, due to diffusion of aluminium. 
 
Figure 4.54 Hardness measurements for slurry-aluminised Alloy 214, heat-treated at 700oC for (a) 2, (b) 4, 
(c) 6 and (d) 8 h. 
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Figure 4.55 is a graph showing how the hardness changes across the thickness of the 
coating after heat-treatment at 700oC for 2, 4, 6 and 8 h. The horizontal axis represents the 
distance from the coating surface at which the hardness measurements were made. The 
four coatings had different thicknesses; however, in each case, increasing the heat-
treatment time resulted in a small increase in the hardness of the inner layer. The thickness 
of the inner layer also increased when the heat-treatment time was increased. 
 
Figure 4.55 Graph showing variation of hardness with coating thickness for slurry-aluminised Alloy 214, 
heat-treated at 700oC for 2, 4, 6 and 8 h. 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.5.2. Hardness measurements of slurry-coatings heat-treated at 1000oC 
Figure 4.56 shows Vickers hardness readings obtained from slurry-aluminised Alloy 214, 
after heat treatment at 1000oC for 1, 3, 5 and 7 h. In the outer layers of the coatings, the 
hardness was 850–930 Hv, in the middle layers of the coatings, the hardness was 840–
870 Hv, in the inner layers of the coatings, the hardness was 490–510 Hv. The hardness of 
the coated substrate was between 310 and 340 Hv. 
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Figure 4.56 Hardness measurements for slurry-aluminised Alloy 214, heat-treated at 1000oC for (a) 1, (b) 3, 
(c) 5 and (d) 7 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.57 shows how the hardness changes across the different layers of the coating after 
heat treatment at 1000oC for 1, 3, 5 and 7 h. The coating thicknesses were more consistent 
than those shown in Figure 4.55. The graph shows that the hardness of the outer layer 
decreased slightly as the heat-treatment time was extended. 
 
Figure 4.57 Graph showing variation of hardness with coating thickness for slurry-aluminised Alloy 214, 
heat-treated at 1000oC for 1, 3, 5 and 7 h. 
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4.4.5.3. Hardness measurements of slurry-coatings heat-treated at 1000 and 1150oC 
Figure 4.58 shows Vickers hardness readings obtained from slurry-aluminised Alloy 214, 
after heat treatment at 1000oC for 2 h followed by an additional heat treatment at 1150oC 
for 2 h, to convert the δ-Ni2Al3 to β-NiAl. The hardness of the β-NiAl-rich coating 
containing chromium-rich particles was 860–940 Hv. The hardness of the slurry-
aluminised substrate was 340 Hv. 
 
Figure 4.58 Hardness measurements for slurry-aluminised Alloy 214, heat-treated at 1000oC for 2 h and at 
1150oC for 2 h to convert the δ-Ni2Al3 to β-NiAl. 
 
 
 
 
 
 
 
 
 
4.4.6. The isothermal oxidation of slurry-aluminised Alloy 214 
Selected slurry-aluminised coupons heat-treated in two stages, i.e. 2 h at 1000oC followed 
by 2 h at 1150oC, and uncoated coupons of Alloy 214 were oxidised in static air at 1100oC 
for 250, 500, 750 and 1000 h. The cyclic oxidation tests described in Section 4.2.4 were 
replaced by isothermal oxidation. 
 
4.4.6.1. Optical microscopy after isothermal oxidation 
Figure 4.59 shows optical micrographs of the slurry-aluminised coatings after oxidation at 
1100oC for different periods.  
 
Figure 4.59(a) illustrates that porosity developed beneath the line of chromium-rich 
precipitates, located near the coating/substrate interface, after the 250-hour test. Some of 
the voids were rounded, others had elongated or irregular shapes; the dimensions were 
typically 15–25 µm. After oxidation for 250 h at 1100oC, the coating still consisted of an 
aluminium-rich phase. However, another phase was noted near the surface of the coating 
and at the grain boundaries. 
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Figure 4.59(b) shows that the phase formed at the grain boundaries, in Figure 4.59(a), had 
developed near the coating/substrate interface. 
 
In Figure 4.59(c), a continuous band of the new phase was found at the base of the coating; 
larger patches of this new phase were also present at the surface of the coating. The voids 
formed after the 750-hour test were larger than those seen after shorter tests. In 
Figure 4.59(c), the right-hand void was approximately 80 µm in length and 50 µm across. 
 
In Figure 4.59(d), the aluminium-rich portion of the coating had thinned to less than 
100 µm; the chromium-rich precipitates were no longer visible near the coating/substrate 
interface and the porosity appeared to have moved towards the surface of the coating. 
 
Figure 4.59 Optical micrographs showing cross-sections of slurry-aluminised Alloy 214 after (a) 250, 
(b) 500, (c) 750 and (d) 1000 h at 1100oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Before oxidation, the heat-treated coatings were approximately 200 ± 20 µm thick. As the 
slurry had been applied by painting, the original coatings thickness on each coupon was 
not identical; nevertheless, the series of cross-sections shown in Figure 4.59 indicate that 
the coating thickness decreased when increasing the oxidation time.  
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Figure 4.60 is a plot of the measured changes in coating thickness versus the number of 
hours of oxidation at 1100oC. The graph has a parabolic shape and indicates a progressive 
decrease in coating thickness when increasing oxidation time.  
 
Figure 4.60 Graph showing variation of coating thickness versus oxidation time at 1100°C. 
 
 
 
 
 
 
 
 
 
 
4.4.6.2. Scanning electron microscopy and energy dispersive analysis after isothermal 
oxidation of slurry-aluminised Alloy 214 
Figures 4.61–4.64 show SEM micrographs and EDS maps of the slurry-aluminised 
coatings after oxidation in air at 1100oC.  
 
In Figure 4.61(a), a layer of aluminium oxide, approximately 3–4 µm thick formed on the 
coated surface after the 250-hour test. However, the aluminium oxide is convoluted in 
some areas and formed a layer 30–60 µm thick. 
 
EDS analyses at points A and C, and areas B and D of Figure 4.61(a) are given in 
Table 4.16. Analysis of the surface at point A revealed that the oxide layer had aluminium 
and nickel contents of 42 and 3% respectively. The rectangular area labelled B had an 
aluminium content of 17%, suggesting that the aluminium content was relatively uniform 
across the thickness of the coating. At point C, chromium-rich precipitates were detected 
near the coating/substrate interface. Analysis of area D showed that the substrate, near to 
the interface, was slightly richer in aluminium and chromium than the original base 
material. 
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Figure 4.61 SEM micrograph and EDS maps showing cross-section of slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 250 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.16 EDS analyses at locations marked A–D in Figure 4.61(a) for slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 250 h. 
 
 
 
 
 
After the 500-hour test, the thickness of the convoluted aluminium-rich oxide layer on the 
surface of the coating decreased to approximately 15–25 µm, as shown in Figure 4.62(a). 
EDS analyses at locations A, B, C and D in Figure 4.62 showed that the content and 
distribution of aluminium in the coating were much the same as those detected after the 
250-hour test. Other similarities were the presence of chromium-rich precipitates near the 
coating/substrate interface, and slight enrichments of aluminium and chromium in the 
substrate, near the interface. 
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A (oxide layer formed on surface) 42 3 3 50 2 
B (coating) 16.5 73 8 – 2.5 
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Figure 4.62 SEM micrograph and EDS maps showing cross-section of slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 500 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.17 EDS analyses at locations marked A–D in Figure 4.62(a) for slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 500 h. 
 
 
 
 
 
Figure 4.63 and Table 4.18 show SEM and EDS data obtained after the 750-hour oxidation 
test. The aluminium content in area B of Figure 4.63 was similar to those measured after 
the 250-hour and 500-hour tests. The band of chromium-rich precipitates, near the original 
coating/substrate interface, showed signs of thinning and an increased chromium 
concentration of 94%. A small increase in aluminium and chromium contents was detected 
in the substrate near the coating/substrate interface, as noted in the shorter tests. 
 
 
 
 
 
 
 
 
Location Al Ni Cr O Fe 
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Figure 4.63 SEM micrograph and EDS maps showing cross-section of slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 750 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.18 EDS analyses at locations marked A–D in Figure 4.63(a) for slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 750 h. 
 
 
 
 
 
Figure 4.64 shows SEM/EDS results obtained after the 1000-hour oxidation test. In the 
outer part of the coating the aluminium concentration was much the same as that measured 
in shorter tests. The aluminium content in the inner part of the coating was 8%, area 
labelled C in Figure 4.64(a). There was a concomitant enrichment of aluminium in the 
substrate, near the coating/substrate interface. After the 250-hour, 500-hour and 750-hour 
tests, the aluminium content in the substrate adjacent to interface was consistently 5½−6%; 
however, after the 1000-hour exposure the aluminium content at the corresponding 
location was 9%. 
 
The chromium-rich precipitates near the coating/substrate interface appeared smaller and 
more widely dispersed than those observed after the 750-hour test; however, their 
chromium content remained above 90%. The separation of the coating from the original 
coating/substrate interface was approximately 30 µm. Near the interface, the chromium 
Location Al Ni Cr O Fe 
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O 
(e) 
Cr 
(d) 
Ni 
(c) 
Al 
(b) 100 µm 
A B 
D 
C 
(a) 
                                                                                                                                                               4: Results 
 
147 
content in the substrate was 18%; this figure was slightly higher than the chromium content 
of the original substrate. It was observed that the chromium-rich particles were dissolved in 
the middle length of the slurry-aluminised coupon; however, they were still present near 
the edges of the coupon. 
 
Figure 4.64 SEM micrograph and EDS maps showing cross-section of slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 1000 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.19 EDS analyses at locations marked A–E in Figure 4.64(a) for slurry-aluminised Alloy 214 after 
oxidation in air at 1100oC for 1000 h. 
 
 
 
 
 
4.4.6.3. Grain structure of slurry-coatings after isothermal oxidation 
Figure 4.65 shows optical micrographs of the etched coatings after oxidation tests lasting 
250, 500, 750 and 1000 h at 1100°C. A prominent feature was the coarse grain size; the 
coatings were typically one or two grains thick. After the 750-hour test, a layer of a 
different phase, most probably austenite (γ-Ni), was formed at the coating/substrate 
interface, as shown in Figure 4.65(c). This phase was previously identified by EDS 
analyses carried out in the SEM micrographs of Figures 4.61 to 4.64. As the coating grew 
thinner, the coating/substrate interface separated from the line of chromium-rich 
precipitates, which marked the original interface. The separation was approximately 60 µm 
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after 750 h of oxidation at 1100°C. The chromium-rich precipitates became smaller as the 
length of the test increased; after 1000 h the precipitates were no longer discernible by 
optical microscopy. 
 
Figure 4.65 Optical micrographs showing grain structures of slurry-aluminised Alloy 214 after (a) 250, 
(b) 500, (c) 750 and (d) 1000 h at 1100oC: the coupons were etched in 50 vol.% CH3COOH + 33 vol.% 
HNO3 + 17 vol.% HCl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.6.4. X-ray diffraction of coated and uncoated Alloy 214 after oxidation at 1100°C 
Figure 4.66(a)–(d) shows the X-ray diffraction spectra obtained from uncoated Alloy 214 
after oxidation in air at 1100oC for 250, 500, 750 and 1000 h. The phases detected were α- 
alumina, nickel-aluminium spinel and austenite. As the duration of the oxidation test was 
extended, the α-Al2O3 peaks became taller, indicating that the amount of α-Al2O3 in the 
oxide increased relative to the amount of NiAl2O4. 
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Figure 4.66 X-ray diffraction spectra of uncoated Alloy 214 after oxidation at 1100oC for (a) 250 h, (b) 
500 h, (c) 750 h and (d) 1000 h. 
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Figure 4.67(a)–(d) shows the X-ray diffraction spectra obtained from slurry-aluminised 
Alloy 214 after oxidation in air at 1100oC for 250, 500, 750 and 1000 h. The main 
difference between the diffraction spectra of the as-coated coupons, i.e. heat-treated at 
1000oC for 2 h followed by 1150oC for 2 h, and the oxidised slurry-aluminised coupons 
was that the β-NiAl phase was not detected in the latter coupons. Hence, it appeared that 
the β-NiAl phase was converted to γ'-Ni3Al. 
 
The major phases detected after the 250-hour and 500-hour oxidation tests were α-alumina, 
nickel-aluminium spinel and gamma prime. Austenite was barely detected after oxidation 
at 1000oC for 250 and 500 h because the incident X-ray beam did not penetrate the full 
thickness of the coating. However, after the 750-hour and 1000-hour tests, the gamma 
prime peaks were diminished in height and the austenite signal was stronger. Hence, it 
appeared now that the gamma prime phase was converted to austenite between 500 and 
1000 h. The austenite was formed in the coating as the gamma prime was depleted of 
aluminium. 
 
Figure 4.67 X-ray diffraction spectra of slurry-aluminised Alloy 214 after oxidation at 1100oC for (a) 250 h, 
(b) 500 h, (c) 750 h and (d) 1000 h. 
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4.4.6.5. Hardness measurements of coated and uncoated coupons of Alloy 214 after 
oxidation 
Figure 4.68 shows Vickers hardness readings obtained on slurry-aluminised Alloy 214 
after the different oxidation periods at 1100oC. The hardness readings in the coating were 
in the range 415–465 Hv and did not change significantly between 250 and 1000-hour 
oxidation tests. 
 
The highest hardness readings in the coated specimens were measured in the band of 
chromium-rich precipitates, containing 23% nickel and 8% aluminium, at the 
coating/substrate interface. After the 250-hour and 500-hour exposures, the hardness at this 
interface was 500–560 Hv. However, after 750 h the layer of hard chromium-rich particles 
had thinned and its hardness was difficult to measure. The chromium-rich precipitates were 
no longer detected, in the analysed area, after the 1000-hour test, as shown in 
Figure 4.68(d).  
 
After oxidation for 250 h, the hardness of the slurry-aluminised Alloy 214 substrate was 
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longer tests for 500, 750 and 1000 h. In each case, the hardness of the coated substrate was 
similar to the hardness of uncoated Alloy 214. 
 
After the 750-hour test, an average hardness of 310 Hv was measured in the gap between 
the aluminium-rich coating and the line of chromium-rich precipitates, which marked the 
original coating/substrate interface. The inner part of the coating had clearly transformed to 
austenite and its hardness was comparable with the hardness of the austenitic substrate. 
 
There appeared to be a slight increase in the hardness of the substrate in close proximity to 
the coating/substrate interface, as shown in Figures 4.68(a)–(d). This trend was observed in 
all the different oxidation times at 1100oC. This increased in hardness is related to the 
diffusion of aluminium from the coating to the substrate, as shown in EDS data of 
Figures 4.61–4.64. 
 
Figure 4.68 Hardness readings for slurry-aluminised Alloy 214 after oxidation in air at 1100oC for (a) 250, 
(b) 500, (c) 750 and (d) 1000 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.69 shows Vickers hardness profiles across the slurry-aluminised coatings on 
Alloy 214 after oxidation in air at 1100oC for 250, 500, 750 and 1000 h. After the tests 
lasting 250 and 500 h, the higher hardness area was the band of chromium-rich precipitates 
at the coating/substrate interface. After the 750-hour and 1000-hour tests, the hardest part 
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of the coating was the aluminium-rich coating. The series of four plots indicates how the 
coating thickness and hardness changed with distance and oxidation time. 
 
Figure 4.69 Graphs showing variation of hardness across coating thickness for slurry-aluminised Alloy 214 
after oxidation in air at 1100oC for (a) 250, (b) 500, (c) 750 and (d) 1000 h. 
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Table 4.20 shows hardness measurements made on uncoated Alloy 214 after 250, 500, 750 
and 1000 h in air at 1100oC. The original hardness of the as-received alloy was 
approximately 300–320 Hv, as reported in Section 4.4.5. The data in Table 4.20 indicate 
that the hardness of the alloy did not change significantly after lengthy spells at 1100°C. 
 
Table 4.20 Hardness measurements for uncoated Alloy 214 after oxidation in air at 1100oC for (a) 250, 
(b) 500, (c) 750 and (d) 1000 h. 
 
 
 
 
 
 
4.4.6.6. The effect of temperature exposure on the microstructure of Alloy 214 substrate 
In order to study the effect of temperature on the microstructure of Alloy 214, uncoated, 
i.e. as-received, coupons of Alloy 214 were heated at 1100oC for 168 h in air. 
 
Figure 4.70(a) shows the microstructure of Alloy 214 after 168 h in air at 1100oC. A 
comparison with the original microstructure in Figure 3.1(c) revealed that localised grain 
growth had taken place near the upper, lower and left sides of the micrograph. The grain 
size was unchanged on the right-hand side of the micrograph, near the centre. Using the 
method described by Hosford [100], the grain size in the as-received alloy was calculated 
as ASTM 3. Based on the method described in ASTM E 112 [101], it was estimated that 
the grain size in parts of the coupon had increased to ASTM 0 after 168 h at 1100oC. 
 
Figure 4.70(b) shows hardness readings taken from Alloy 214 after 168 h in air at 1100oC. 
There was little difference between the hardness measurements from the enlarged grains 
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and the smaller grains. The readings obtained from this specimen were similar to those 
taken from the as-received alloy, supplied in the solution-treated condition, as reported in 
Section 4.4.5. 
 
Figure 4.70 Optical micrographs of Alloy 214 after 168 h at 1100oC, showing (a) grain structure and (b) 
hardness readings: specimens were etched in 50 vol.% CH3COOH + 33 vol.% HNO3 + 17 vol.% HCl. 
 
 
 
 
 
 
 
 
Figures 4.71(a)–(d) show the complete thicknesses of the uncoated coupons of Alloy 214 
and the grain growth observed after oxidation tests for different periods at 1100oC. The 
largest grain was approximately 1840 µm in length and 860 µm across, as shown in 
Figure 4.71(a). A comparison with the grain growth shown in Figure 4.70 revealed that 
general grain growth took place across the whole thickness of the coupon. 
 
Figure 4.71 Optical micrographs showing grain structure of uncoated Alloy 214 after (a) 250, (b) 500, 
(c) 750 and (d) 1000 h at 1100oC. The coupons were etched in 50 vol.% CH3COOH + 33 vol.% HNO3 + 17 
vol.% HCl. 
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5: DISCUSSION 
 
This chapter is divided into sections covering the preparation of the substrate and the 
slurry, the application and drying of the slurry, the heat-treatment of the slurry-coated 
coupons and the oxidation behaviour of the slurry-aluminised Fe-Cr-Al and Alloy 214 
substrates. The results presented in Chapter 4 are discussed and compared with the findings 
of other researchers in this field. 
 
5.1. Preparing the substrate 
Preparing the substrate is an important step in obtaining a defect-free coating and it has 
been found that grinding on silicon carbide paper, to a 600-grit finish, works well for small 
coupons.  
 
In some of the early experiments, inadequate cleaning of the specimens resulted in 
detachment, or peeling, of slurry layers from the substrates after drying. This lack of 
adhesion has been overcome by adopting the thorough cleaning and degreasing procedure 
described in Section 3.3, and handling the coupons with tweezers to avoid leaving 
fingerprints.  
 
5.2. Preparing the slurry 
The first part of this section deals with preparing the lacquer and dissolving the binders. 
The second part covers mixing the slurry and measuring its viscosity. 
 
5.2.1. Preparing the lacquer 
Two binders have been used in this project: hydroxypropylcellulose and methylcellulose. It 
has been found that the preparation of the slurry is more straightforward with 
hydroxypropylcellulose, due to its greater solubility in water. It has also been observed that 
slurries prepared with hydroxypropylcellulose have better adherence to the substrate than 
slurries prepared with methylcellulose. On the other hand, methylcellulose is easier to 
obtain in small quantities and therefore less costly; neither compound is harmful. 
 
Hydroxypropylcellulose is a partially substituted cellulose ether; its molecular structure is 
shown in Figure 5.1 [83]. 
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Figure 5.1 Molecular structure of hydroxypropylcellulose.  
 
 
 
 
 
 
 
Hydroxypropylcellulose dissolves in many polar organic liquids including ethanol, 
methanol and isopropanol. As a general rule, hydroxypropylcellulose dissolves more 
readily when the solvent is more polar [102]. Hydroxypropylcellulose dissolves in water 
below 38oC to form a clear solution; however, above 45oC it is insoluble [84, 103]. This 
behaviour is due to strong polar interactions in the polymer-water mixture, as indicated in 
Figure 5.2. 
 
Figure 5.2 Graph showing the phase behaviour of a typical polymer binary solution with lower and upper 
critical solution temperatures. 
 
 
 
 
 
 
 
 
 
 
Methylcellulose is manufactured by heating cellulose (C6H10O5)n with sodium hydroxide 
(NaOH) solution, and treating the reaction product with methyl chloride (CH3Cl). The 
hydrogen atoms in some of the hydroxyl groups in the cellulose are replaced by methyl 
(CH3) groups, forming methyl ether (OCH3) groups. The molecular structure of 
methylcellulose may vary depending on the degree of substitution and the length of the 
polymer backbone. The degree of substitution is defined as the average number of 
substituted hydroxyl groups per glucose unit. The theoretical maximum value is 3; 
however, more typical values are 1.3−2.6 [83]. The molecular structure of methylcellulose 
is shown in Figure 5.3 [82]. 
 
Temperature 
0         Composition               1 
Mixture is miscible 
in this region 
Upper critical  
solution temperature 
Lower critical  
solution temperature 
                                                                                                                                                          5: Discussion 
 
 
159 
Figure 5.3 Molecular structure of methylcellulose. 
 
 
 
 
 
 
 
The behaviour of methylcellulose in water is similar to that of hydroxypropylcellulose; 
both compounds are non-ionic cellulose ethers that are soluble in cold water. The degree of 
substitution affects the temperature at which methylcellulose dissolves. Higher degrees of 
substitution result in masking of the polar hydroxyl groups and, consequently, solubility is 
diminished. Methylcellulose does not dissolve in boiling water because the lower critical 
solution temperature is between 40 and 50oC [82]. 
 
Methylcellulose does not dissolve in water at room temperature; the outer layers of the 
particles become soft, sticky and swollen, but the insides remain solid. In this project, 
methylcellulose has been dissolved in water by adapting the method reported by Li et al. 
[104], as explained in Section 3.5. 
 
It has been reported that an organic solubilizing agent, such as glyoxal (C2H2O2), may be 
added to methylcellulose to give sufficient time for the particles to disperse in the aqueous 
phase before dissolving [103]; however, in this project it has been found that 
methylcellulose dissolves satisfactorily without any additive. 
 
Most of the slurries used in this project have been prepared with de-ionised water as the 
liquid carrier. In some of earlier experiments, the slurries have been prepared using ethanol 
as the carrier. Ethanol is a suitable solvent for hydroxypropylcellulose [83] and is more 
easily obtained than some of the conventional carriers mentioned in the literature, such as 
toluene or xylene [20, 31]. Ethanol evaporates upon standing, hence the viscosity of the 
slurry changes between preparation and application. For this reason, de-ionised water has 
been used instead of ethanol. Water is cheaper, less volatile and preferable for 
environmental reasons. 
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5.2.2. Mixing the slurry and measuring its viscosity  
It has been found that, the lacquer should be stirred gently as the metallic particles are 
added. If this step is omitted, bubbles and agglomerates of metal particles are formed in the 
slurry. The incorporation of air bubbles during stirring is known as aeration; it is a 
common problem in paints and may be controlled by the addition of proprietary bubble-
release agents or defoamers [105]. 
 
In this work it has not been necessary to use additives to prevent aeration. After adding the 
metallic powder to the lacquer and stirring, the number of bubbles has been minimised by 
leaving the slurry to stand for several minutes before brushing onto the coupons. Ten 
minutes is adequate for the bubbles in a small mass of slurry, typically 1.5 g, to rise to the 
surface and escape into the atmosphere. In some cases, a small number of bubbles has been 
observed after the slurry has been painted onto the substrate. The larger bubbles have been 
burst with the point of a pin; the smaller bubbles have been blown to the edge of the 
coupon with a jet of compressed air and wiped away with tissue paper. If the bubbles are 
not removed from the applied slurry, their bursting may cause small bowl-shaped 
depressions in the dried slurry film. The wet slurry may recede around the bubbles during 
drying, leaving small uncoated craters or pinholes where the surface has not been wetted 
by the slurry. Although there are a lot of potential sites and potentially a lot of tiny bubbles 
not visible to the naked eye; the precaution of leaving the lacquer to stand, helps to ensure 
that the heat-treated coating is uniform in thickness and free of defects. 
 
The first step in preparing the slurry is mixing the binder and the liquid carrier to form a 
lacquer with a viscosity of 200–250 centipoises at 20oC. The required amount of metal 
powder is then added to the lacquer, and mixed to disperse the metallic particles uniformly. 
After adding the metallic powder, the viscosity of the slurry is between 400 and 
450 centipoises. 
 
As a general observation, slurry viscosities given in the patent literature are vague; 
presumably this is done intentionally to hinder competitors. Jackson et al. recommended 
viscosities of 500–1300 centipoises for spraying and 500–1000 centipoises for dipping 
aqueous slurries containing nickel powder onto mild steel substrates. The slurry viscosities 
were measured at room temperature using a Brookfield viscometer under high-shear 
conditions [13]. Milaniak et al. reported that the slurry viscosity for coating the internal 
cooling passages of gas turbine components should be 100−1000 centipoises, which is 
comparable with the viscosity of molasses or honey [46]. Park et al. recommended a 
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viscosity no greater than 80 centipoises for pumping the slurry through the internal 
passages of gas turbine components; if the slurry had a higher viscosity the excess was 
more difficult to remove and internal passages became blocked [48].  
 
In this project, measurements have shown that the viscosity of the slurry varies with 
temperature. Such variations occur in liquids because the shear stress is related to the 
cohesive forces between the molecules. As the temperature increases, the intermolecular 
forces decrease and the viscosity decreases in accordance with the following empirical 
equation [106]: 
µ = C exp (b/T) 
where µ is the viscosity, T is the temperature, C and b are empirical constants determined 
from viscosity data obtained at two different temperatures. In this work, the variations in 
slurry viscosity with temperature are relatively small and the ambient temperature is not an 
important consideration when preparing the slurry. Close control of temperature may be 
important in fluids such as lubricants, where a temperature change of 5oC may change the 
viscosity by a factor of two [107]. 
 
5.3. Applying and drying the slurry 
This section covers some of the problems encountered in painting the layers of slurry onto 
the substrate and drying the applied slurry in preparation for heat treatment. 
 
5.3.1. Painting the slurry onto the substrate 
According to the literature slurries may be applied by a variety of methods including 
brushing [3, 39, 40, 57-61], spraying [9, 16-18, 23, 32, 33], dipping [31, 37, 50, 51], 
rolling [14] and filling and draining [20]. In this project, all the slurries have been applied 
by brushing. The method is extremely simple, wastes little slurry and has proved effective 
for small coupons. An occasional problem with this method of application is contamination 
of the coating with loosely attached bristles. A more serious problem is that it is difficult to 
apply coatings of consistent thickness to different specimens. The thickness of the heat-
treated coating is dependent on the amount of slurry deposited. After drying, each layer of 
the applied dried slurry is approximately 130–160 µm thick, as shown in Figure 4.5(a). 
 
5.3.2. Drying the applied slurry 
After applying the first layer of slurry, the coated coupons have been dried for twenty 
minutes in a pre-heated muffle furnace at 120oC. The second layer of slurry has then been 
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painted on top of the dried first layer. The second layer of slurry may be dried during the 
heat treatment. In the drying stage, the liquid carrier evaporates and leaves an adherent 
layer of uniformly distributed metallic powder in a matrix of binder on the substrate [108].  
According to the literature, a number of methods has been used for drying applied slurries. 
Drying has been carried out with ovens [12], furnaces [109], infra-red lamps [10], and jets 
of hot air [13]. In some cases, coated substrates have been dried at room temperature, 
typically overnight or for 24 hours [9]. It seems that the drying method is unimportant, as 
long as the temperature is adequate to evaporate the liquid carrier without eliminating the 
binder and oxidising the substrate. The atmosphere must be free of impurities to avoid 
contamination of the slurry during drying. 
 
In some of the early experiments the layers of applied slurry have detached from the 
substrate during drying. This is a common problem which has been reported elsewhere, for 
example Yan has reported the delamination of an aluminium slurry coating applied to a 
steel substrate in a lacquer composed of vinyl copolymer and xylene [110].  
 
The blisters shown in Figures 4.7 and 4.8 are thought to have been caused by a 
phenomenon known as solvent boil or popping [105]. The outer surface of the applied 
layer of slurry dries before the inner part of the layer. Liquid carrier is trapped beneath a 
skin of dried slurry and leaves the layer by breaking through the outer skin. This problem 
has been eliminated by heating more slowly in the drying operation and by decreasing the 
thicknesses of the applied layers; it is preferable to apply two or three thin layers of slurry 
instead of one thick layer. 
 
Detachment at the edges and corners of the coupons has been attributed to shrinkage 
stresses generated in the layers of slurry as the liquid carrier evaporates. The tendency of 
applied films to curl instead of lying flat has been encountered in the drying of paints. As 
the liquid carrier, or solvent, evaporates, the film shrinks and goes into tension. Residual 
stresses are generated in the drying film and delamination occurs when the tensile force in 
the film is greater than the strength of the adhesive bond between the film and the 
substrate. Figure 5.4 illustrates how a layer of applied slurry curls up at the edges and 
delaminates from the substrate during drying; the directions of the stresses are indicated by 
the arrows. Rapid drying causes more residual tensile stress than slow drying, because 
there is less time for stresses to be relieved before they are locked in. Thus, gentler drying 
is desirable for eliminating delamination due to shrinkage stresses [111]. It has been 
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reported that residual stresses in the dried coating are independent of the coating thickness 
[112]. 
 
Figure 5.4 Diagram illustrating the delamination of a slurry layer during drying. 
 
 
 
 
 
 
The residual stresses rise sharply at edges and corners of the specimens, while the central 
part of the film remains firmly attached to the substrate. The problem of the dried slurry 
detaching from the substrate has been overcome by rounding the edges and corners of the 
coupon with 600-grit grinding paper before applying the slurry. The right angles become 
slightly convex and stresses in the layer of drying slurry are decreased. 
 
5.4. Heat-treating the dried slurry 
In the first attempts to slurry-coat Alloys 800H and HCM12A, the NiCrAlY and NiCrSi 
powders have neither melted nor formed diffused coatings, as shown in Figure 4.1. 
Switching from the mixed powders to aluminium powder lowers the melting point of the 
slurry and simplifies the coating procedure. Additional changes to the heat-treatment 
conditions have led to improvements in the quality of the slurry coatings. 
 
5.4.1. Heat-treatment temperature 
In this work, a properly diffused uniform slurry coating has been obtained after heat-
treating the aluminium slurry above 660oC. Priceman and Sama have reported that coatings 
improve when the slurry is melted during heat treatment. Heat treatment below the fusion 
temperature of the applied slurry leads to formation of a coating by solid-state diffusion 
and sintering. Heat treatment above the fusion temperature allows the slurry to flow more 
easily and wet the substrate more effectively. The resulting coating is more homogeneous 
in composition and there is no unreacted, or partially reacted, coating material adhered to 
the coated surface [16]. 
 
5.4.2. Heat-treatment time 
Slurry-aluminised coatings on Alloy 800H, Alloy HCM12A and Fe-Cr-Al alloys have been 
heat-treated for 1–2 h at 1000oC h. Slurry-aluminised Alloy 214 has been heat-treated for 
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Coating 
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1–8 h before adopting a standard two-hour heat treatment. It has been found that a one-
hour heat treatment is sufficient to remove the binder from the slurry and to allow some 
diffusion of the molten metallic constituent into the substrate. 
 
In this project, the minimum heat-treatment time was 1 hour, so it is not clear how the 
microstructure of a slurry coating appears after a shorter heat treatment. According to 
research into the slurry-aluminising of carbon steels, a five-minute heat treatment at 680oC 
failed to form a diffused layer of coating. A ten-minute heat treatment at the same 
temperature resulted in a thin diffused layer with a significant amount of porous non-
diffused residue on the surface of the substrate. Lesser amounts of non-dense residue were 
detected after 30-minute heat treatment at 700oC [113].  
 
In the literature, the heat-treatment times for slurry coatings between 2 min and 40 h have 
been reported. The shorter heat treatment was used in the mass production of nickel-coated 
steel coils, the longer heat treatment was carried out at a relatively low temperature 
(815°C) to avoid grain growth in aluminised cold-rolled steel strip [14]. More typical heat-
treatment times for slurry coatings are between 1 and 3 hours [8, 9, 12, 16, 17]. 
 
The eight-hour heat treatments carried out on Alloy 214 did not result in any significant 
change in coating quality. The effect of heat-treatment time on coating microstructure and 
hardness is discussed later in Sections 5.11.1, 5.11.2, 5.11.7 and 5.11.8. Each additional 
hour of heat treatment degrades the coating by diffusing aluminium into the substrate and 
reduces the service life of the coating by one hour, assuming the service and heat-treatment 
temperatures are identical. Furthermore, longer heat treatments consume more electrical 
energy than short heat treatments. 
 
5.4.3. Heat-treatment atmosphere 
In this project, the heat treatment has been carried out in argon or hydrogen. Such 
atmospheres are widely used in the preparation of slurry coatings. According to the 
literature, several researchers have used argon [8, 31, 33, 35] and hydrogen atmospheres 
[10, 18, 38]; others have used cracked ammonia [10, 12, 13] and vacua [16, 17, 23, 29]. 
 
According to the suppliers of the gases used in this project, the hydrogen has a purity of 
99.995% by volume; the argon has a purity of 99.997% with an oxygen content less than 
0.0005% [114, 115]. In the first attempt to slurry-coat Alloy 800H, the metallic 
constituents of the slurry have been oxidised by gaseous impurities in the heat-treatment 
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atmosphere. Steps have therefore been taken to decrease the concentration of oxygen and 
water vapour in the heat-treatment atmosphere. 
 
5.4.3.1. Drying agent 
Desiccants such as concentrated sulphuric acid, barium oxide, calcium chloride or silica 
gel are widely used as drying agents [116]. In this project, two containers of phosphorus 
pentoxide granules have been used to remove traces of moisture from the heat-treatment 
atmosphere. Figure 5.5 shows that phosphorus pentoxide can be used to lower the 
concentration of moisture below 1 mg in 10 000 litres of gas (0.0001 ppm) [117]. 
 
Figure 5.5 Effectiveness of various drying agents [118]. 
 
 
 
 
 
 
 
 
 
 
 
 
Phosphorus pentoxide reacts with water vapour to form phosphoric acid: 
P2O5 (s) + 3H2O (g) = 2H3PO4 (s) 
The surface area of the phosphorus pentoxide granules in the container is relatively large 
and the concentration of water vapour in the flowing gas is relatively small, hence the heat 
released in the exothermic reaction between the phosphorus pentoxide and the water 
vapour is insignificant. The white phosphorus pentoxide granules turn blue after reacting 
with water vapour to form phosphoric acid. The blue granules are removed from the 
container and replaced; phosphorus pentoxide is not a desiccant that can be 
regenerated [119]. 
 
5.4.3.2. Oxygen getter 
Copper turnings at 550oC have been used as a getter to remove oxygen impurities from the 
heat-treatment atmosphere. From the Ellingham diagram shown in Figure 5.6, the partial 
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pressure of oxygen in equilibrium with copper and cuprous oxide at 550oC is 
approximately 10–14 atm. If the heat-treatment gas contains 0.0005% oxygen, the oxygen 
partial pressure before the hot copper turnings is approximately 5 x 10–6 atm. After the hot 
copper turnings, the oxygen partial pressure may be reduced as low as 10–14 atm, assuming 
thermodynamic equilibrium between copper and Cu2O, or 10–11 atm for equilibrium 
between copper and CuO. 
 
The oxygen pressure in the heat-treatment atmosphere may be decreased further by 
lowering the temperature of the copper turnings; however, the rate of reaction with oxygen 
is likely to decrease. In practice, the oxygen partial pressure in the heat-treatment apparatus 
is not known; however, the most important finding is that significant oxidation of the 
slurry and the substrate is prevented with a copper getter at 550oC. 
 
Figure 5.6 Ellingham diagram for cuprous oxide. 
 
 
 
 
 
 
 
 
 
 
 
In this project, hydrogen atmospheres have been used for slurry-coating Alloys 800H, 
HCM12A and 214; argon atmospheres have been used to slurry-coat the Fe-Cr-Al alloys. 
Both atmospheres result in the formation of satisfactory slurry coatings and no significant 
differences in coating quality have been noticed. The disadvantages of argon are that it is 
more expensive than hydrogen and that it does not reduce the copper oxide formed on the 
hot copper getter. The disadvantage of hydrogen is the risk of an explosion; however, care 
is always taken to prevent air from entering the hot apparatus.  
 
In theory, hydrogen should be more effective than argon in preventing oxidation of the 
copper turnings. Firmansyah et al. have reported that the reduction of cuprous oxide to 
copper takes place in hydrogen gas between 525 and 600oC [120]. 
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Cu2O (s) + H2 (g) = 2Cu (s) + H2O (g) 
The copper turnings are regenerated in the flow of hydrogen gas while heating to 550oC, 
which takes approximately 30 minutes. The water vapour generated by the reaction should 
be removed by the container of phosphorus pentoxide positioned between the copper 
turnings and the main furnace, as shown in Figures 3.9 and 3.12. 
 
5.5. Preliminary attempts to slurry-coat Alloy 800H 
In the first attempt to form a slurry coating on Alloy 800H, the heat treatment has been 
carried out in a non-purified hydrogen gas at 1000oC for 1 h. Consequently, the oxygen 
and water vapour impurities have not been removed from the atmosphere and the coating 
has oxidised. 
 
In the second attempt to slurry-coat Alloy 800H, the heat-treatment has taken place at 
1000oC for 1 h in a purified hydrogen atmosphere. The use of phosphorus pentoxide and 
hot copper turnings has improved the density and adhesion of the coating significantly and 
has been continued in subsequent experiments. 
 
The second attempt to slurry-coat Alloy 800H has resulted in the formation of a 
fragmented coating, as shown in Figure 4.2(a). Cracks in the outer part of the coating, are 
thought to have formed in cooling from the heat-treatment temperature. EDS analysis 
indicates that the aluminium content in this layer is greater than 50%, hence the coating is 
brittle. The loose coating fragments contain aluminium, iron, nickel and chromium, 
indicating that they have been part of the diffused coating before cracking. The phases 
present in the coating have not been identified; however, iron aluminides or nickel 
aluminides are likely. 
 
Other researchers have coated Alloy 800H with limited success. In a pack-aluminised 
coating, Green reported an outer layer containing 57% aluminium with numerous cracks 
oriented perpendicular to the surface. It was suggested that the cracking was due to the 
presence of a brittle aluminium-rich phase, such as FeAl3; however, the brittle phase was 
not identified by X-ray diffraction [121]. 
 
Kalivodova et al. reported grain-boundary oxidation of a pack-aluminised coating on 
Alloy 800 in a simulated combustion atmosphere containing gaseous hydrogen chloride 
and sulphur dioxide [122]. It was recommended that the heat-treatment temperature for 
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coating this alloy should be limited in order to avoid grain growth, which occurs above 
980°C [65].  
 
Further limitations of Alloy 800H substrates (at very high temperatures over 1000oC) were 
identified in the development of coking-resistant coatings for use in ethylene furnaces. 
Approximately 100 µm of Ni-22Cr-10Al-lY coating was sputtered onto an Alloy 800H 
substrate and overlaid with 15 µm of aluminium. During a 500-hour oxidation test at 
1150°C, diffusion voids developed in the coating, at the coating/substrate interface and at 
the interface between the coating and the alumina scale. Dispersed particles of aluminium 
nitride formed near the coating/substrate interface due to the reaction of aluminium in the 
coating with nitrogen in the substrate. In addition, carbon in the substrate reacted with 
chromium in the NiCrAlY coating to form chromium carbides in the inner part of the 
coating [123]. 
 
5.6. Preliminary attempts to slurry-coat Alloy HCM12A 
The first attempt to slurry-coat Alloy HCM12A, has not achieved the objective of creating 
a coating of dispersed NiCrSi particles surrounded by an aluminium matrix (Figure 4.3). 
The NiCrSi particles have not been melted during the heat treatment, which has been 
carried out 80oC below the NiCrSi solidus. It seems that the NiCrSi particles have formed a 
loosely attached residue on the surface of the coating, which has been removed during 
metallographic preparation. The coating has an aluminium content of 20–30% and contains 
1–1.5% silicon, which must have originated from the NiCrSi particles. The coating 
contains cracks running perpendicular to the coating/substrate interface and voids. 
 
The aluminising of Alloy HCM12A has not been widely studied by other researchers; 
however, a comparison with aluminised Alloy P91 (Fe-9Cr-0.9Mo-0.5Mn-0.4Ni-0.2V-
0.09C) may be valid as this alloy has a similar composition. Rohr et al. used a fluidised-
bed chemical-vapour-deposition (FBCVD) method to aluminise Alloy P91 at 550oC for 
2 h. The coating was non-uniform in thickness and contained through-thickness cracks. 
The cracks initiated at the coating surface and terminated at the coating/substrate interface. 
The formation of these cracks was attributed to the presence of brittle Fe2Al5 in the coating 
[124]. In a related publication, Rohr et al. pack aluminised Alloy P91 at 750oC for 2 h. The 
coating was non-uniform in thickness and contained through-thickness cracks. Porosity 
was present near the coating surface and aluminium diffused more than 100 µm into the 
martensitic alloy substrate [125]. 
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In the second attempt to slurry-coat Alloy HCM12A the heat-treatment conditions have not 
been changed, but the NiCrSi powder has been removed from the slurry. The aluminised 
coating comprises two layers, each approximately 90 µm thick (Figure 4.4). The coating is 
uniform in thickness and has fewer defects than the first Al-NiCrSi coating. Aluminium 
nitride particles have been detected in the inner layer, and at the interface between the 
inner and outer layers. 
 
Other researchers have reported the presence of acicular aluminium nitrides after 
aluminising Fe-9Cr steels. Rohr detected nitride needles, extending 30 µm from the 
coating/substrate interface into Alloy P91 after pack-aluminising for 6 h at 715oC [124]. 
 
Agüero et al. slurry-aluminised Alloy P92 (Fe-9Cr-2W-0.5Mn-0.4Mo-0.2V-0.12C) with 
heat treatment at 700oC for 10 h in argon. Nitride particles, typically 1–3 µm in length, 
formed at the coating/substrate interface beneath a thin FeAl inner layer. After an oxidation 
test in steam lasting 30 000 h at 650oC the band of nitride particles extended 100 µm from 
the coating/substrate interface into the substrate [57]. Under identical tests conditions, 
thickening of the band of aluminium nitride precipitates has been observed after 38 000 
[58], 40 000 [59], 45 000 [60] and 50 000 h [61]. 
 
The formation of aluminium nitride has been reported in a slurry-aluminised nickel-based 
alloy [126]. Alloy 602CA (Ni-25Cr-10Fe-2Al-0.2C) was heat-treated for 1 h at 700oC 
followed by 2 h at 1000oC to form a coating composed mainly of β-NiAl. The coating 
detached from the alloy after oxidation in air at 1100oC for 500 h due to the formation of a 
brittle layer of aluminium nitride at the coating/substrate interface. Numerous blocky and 
needle-like nitride particles formed in the substrate due to the inward diffusion of 
aluminium. 
 
In a later experiment with slurry-coated Alloy HCM12A, five coupons have been coated to 
ascertain the coating thickness as a function of amount of slurry deposited per unit area. A 
single layer of slurry has been deposited on the first coupon; two layers of slurry have been 
deposited to the second coupon, three layers on the third, four layers on the fourth and five 
layers on the fifth coupon. The thicknesses of the dried slurry layers and the thicknesses of 
the heat-treated coatings after 1 h at 1000oC, in purified hydrogen, are shown in Table 5.1. 
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Table 5.1 Coating thickness as a function of amount of slurry deposited. 
 
 
 
 
 
 
The data in Table 5.1 show that the thickness of the applied layer of slurry is 
approximately 2½ times the thickness of the heat-treated coating. 
 
5.7. Coating defects in Alloys 800H and HCM12A 
Numerous coating defects, such as blistering, cracking, oxidation and non-uniform 
coatings have been observed in the early stages of the experimental work on Alloys 800H 
and HCM12A. Some defects have been attributed to inadequate preparation or cleaning 
and lack of care when handling the coupons, as discussed in Section 5.1. Defects arising 
due to the presence of bubbles in the slurry have been dealt with in Section 5.2.2. Blister 
formation and cracking during the drying of the slurry have been discussed in Section 5.3. 
Oxidation of the coatings, as shown in Figure 4.7, has been eliminated by purifying the 
heat-treatment atmosphere, as explained in Section 5.4.3. 
 
5.8. The slurry-aluminising of Fe-Cr-Al alloys 
For the reasons outlined at the end of Section 5.5, it seems that Alloy 800H is not an ideal 
substrate for aluminising. It has also been found that Alloy HCM12A is difficult to 
aluminise; the coatings are prone to cracking and delamination due to the formation of 
brittle iron aluminides and aluminium nitride precipitates. In addition, the mechanical 
properties of Alloy HCM12A are affected by the transformation of martensite to ferrite 
when the coating is heat-treated above 650oC [125]. After identifying some of the 
limitations of Alloys 800H and HCM12A substrates, it was decided that some aluminium-
containing alloys should be coated. Section 5.8 deals with the slurry-aluminising of ferritic 
Fe-Cr-Al alloys, Section 5.11 deals with the slurry-aluminising of an austenitic nickel-
based aluminium-bearing alloy. Another reason for switching to aluminium-containing 
alloy substrates is to decrease the rate of aluminium diffusion from the coating. Various 
researchers have reported that aluminised coatings on aluminium-free alloys eventually 
degrade by diffusion of aluminium into the substrate [60, 127, 128]. 
 
No. of 
layers 
of slurry 
Thickness of dried slurry layer 
before heat treatment (T) 
(µm) 
Thickness of coating 
after heat treatment (t) 
(µm) 
 
Ratio T/t 
1 150 60 2.5 
2 270 120 2.25 
3 470 190 2.47 
4 560 240 2.33 
5 820 300 2.73 
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The time taken to decrease the aluminium content in a Fe-Cr-Al alloy, to a level where an 
α-Al2O3 scale cannot be formed, has been predicted by Quadakkers and Bongartz using the 
following equation:  
tB = {4.4 x 10-3 [(CO – CB) ρ d / k]}1/n 
where tB is the time taken to breakaway (in h), Co and CB are the initial and critical 
aluminium contents (in wt.%), ρ is the alloy density (in mg/cm3), d is the coupon thickness 
(in cm), k is a rate constant (in mg/cm2h) and n = 0.5 for parabolic kinetics and 1 for linear 
kinetics [129]. 
 
Using the equation above and assuming that the Fe-Cr-Al alloys used in this project 
contained approximately 8% aluminium, after the slurry-aluminising heat-treatment. It has 
been possible to calculate that the aluminised Fe-Cr-Al alloys would continue forming a 
protective alumina scale for 2600 h at 1000oC before reaching a critical aluminium content 
of 3.5%. Coated resulted in projected increase in 500 h in the life of the uncoated coupons. 
 
Iron-chromium-aluminium alloys typically contain 15–25% Cr and 4–5% Al and are 
widely used for catalyst supports and resistance elements in electrically heated furnaces. 
Above 1000oC, these alloys are protected by the formation of external α-Al2O3 scales. 
Their oxidation resistance and the electrical resistivity of Fe-Cr-Al alloys may be improved 
by increasing the aluminium content; however, the ductility is adversely affected 
[130, 131]. 
 
Several researchers have attempted to improve the oxidation resistance of Fe-Cr-Al alloys 
by aluminising. Green studied the degradation of a pack-aluminised Fe-16Cr-5Al-0.3Hf 
alloy at 750 and 950oC under oxidising conditions [132]. Heesemann et al. measured the 
diffusion rate of aluminium in an aluminised Fe-19Cr-1Al-0.8Si alloy and predicted the 
oxidation behaviour as a function of aluminium concentration and temperature [133]. 
Pugacheva et al. pack-aluminised a Fe-14Cr-5Al alloy to improve its oxidation resistance, 
and studied the effect of aluminium on its microstructure and electrical resistivity [130]. 
Bennett et al. aluminised Kanthal AF (Fe-21Cr-5Al), Aluchrom YHf (Fe-20Cr-6Al) and 
Aluchrom YHfAl (Fe-21Cr-6Al) alloys by chemical vapour deposition. The aluminium 
content of each alloy was increased to 8% and the lifetime of each alloy in oxidation tests 
at 1100oC was extended [134]. 
 
In this project, attempts have been made to aluminise cold-rolled Fe-16Cr-4Al and Fe-
27Cr-4Al alloys in order to improve their oxidation resistance. The slurry-aluminising heat 
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treatment, carried out at 1000oC for 2 h in argon gas, has resulted in recrystallisation of the 
elongated grain structures as described in Section 4.2.3. Recrystallisation reduces the 
internal energy associated with the cold-worked state [135]. Other researchers have 
reported similar recrystallisation behaviour in cold-rolled Fe-14Cr-5Al alloy ribbons after 
pack-aluminising at 1000oC for 30 min [130]. 
 
Voids have been detected near the surface of the slurry-aluminised coatings on the Fe-
16Cr-4Al and Fe-27Cr-4Al alloys. Voids formation has taken place by the condensation of 
vacancies in the FeAl phase. Similar observations were reported by Chang et al., who used 
a thermodynamic model to calculate that the vacancy concentration in the FeAl phase, 
containing approximately 24 wt.% Al, was 0.05% at 500oC and 0.9% at 1000oC [136]. 
 
The slurry-aluminised coatings on the Fe-16Cr-4Al and Fe-27Cr-4Al alloys contain cracks 
running perpendicular to the coating/substrate interface. These cracks have been formed 
due to the presence of brittle FeAl in the coating and the thermal expansion mismatch 
between the substrate and the coating. At temperatures up to about 1000oC, the thermal 
expansion coefficient of FeAl phase is 16.3 x 10-6 oC-1 [137]; over a similar temperature 
range, the thermal expansion coefficients of the Fe-16Cr-4Al and Fe-27Cr-4Al alloys are 
approximately 15.4 and 16.0 x 10-6 oC-1 respectively [138]. As the slurry coatings are 
formed at high temperatures, the FeAl coatings contract slightly more than the Fe-Cr-Al 
substrates upon cooling to room temperature. Tensile stresses are generated in the coatings 
and cracks are formed perpendicular to the coating/substrate interfaces. The cracks are 
more numerous in the coated Fe-16Cr-4Al alloy than in the Fe-27Cr-4Al alloy, because the 
mismatch in expansion coefficients between the coating and the Fe-16Cr-4Al substrate is 
larger. 
 
Agüero et al. detected cracks in a coating containing brittle Fe2Al5 after slurry-aluminising 
Alloy P92 (Fe-9Cr-2W-0.5Mn-0.4Mo-0.2V-0.12C). The cracks were formed due to a 
thermal expansion mismatch between the substrate and the coating. During cyclic 
oxidation between 650oC and room temperature in steam, the cracks neither propagated 
into the substrate nor acted as sites for preferential oxidation. The life of the 100 µm thick 
coating, was limited by the diffusion of aluminium into the substrate rather than by the 
presence of cracks [60]. 
 
The Fe-Al system has five major intermetallic phases; Fe3Al, FeAl, FeAl2, Fe2Al5 and 
FeAl3, as shown in Figure 5.7 [139]. The EDS analyses in this project have indicated that 
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the slurry-aluminised coatings on the Fe-16Cr-4Al and Fe-27Cr-4Al alloys contain 27–
28% aluminium and 63–65% iron. These figures are consistent with the formation of FeAl; 
an intermetallic phase which is brittle at room temperature and has low strength and poor 
creep resistance above 600oC [139, 140]. X-ray diffraction has confirmed that FeAl is the 
main constituent of the coatings, as mentioned in Section 4.2.2. EDS analyses indicate 
chromium contents of 7–9 % in the FeAl phase. Other researchers have reported the 
presence of (Fe,Cr)Al and (Fe,Cr)3Al phases in pack-aluminised coatings, containing 16 
and 8% aluminium respectively, on a Fe-14Cr-5Al alloy [130]. The FeCr3Al phase has not 
been detected in this project. 
 
Figure 5.7 The Fe-Al phase diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.8.1. Hardness measurements after slurry aluminising Fe-Cr-Al alloys 
EDS analyses show that the aluminium contents of the Fe-Cr-Al substrates have increased 
from 4 to 6% in the two-hour heat treatment of the slurry-aluminised coatings at 1000oC. 
An increase in substrate hardness may be expected due to solid-solution strengthening 
arising from the inward diffusion of aluminium; however, the average hardness of the Fe-
16Cr-4Al substrate has decreased from 270 Hv to 170 Hv after slurry-aluminising. The 
softening is attributed to recrystallisation of the elongated cold-rolled grains during heat 
treatment of the coating. 
 
In contrast, the average hardness of the cold-rolled Fe-27Cr-4Al substrate has increased 
from 200 Hv to 235 Hv after the slurry-aluminising heat treatment. Recrystallisation of the 
cold-worked microstructure and an increase in aluminium content, comparable with the Fe-
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16Cr-4Al alloy have been noted, therefore the increased hardness must be explained by 
another phenomenon. A likely explanation for the increased hardness is precipitation of 
chromium-rich carbides and aluminium/chromium nitrides on dislocations in the alloy 
grains. Precipitation of such phases is reported to cause a loss of ductility when ferritic 
alloys with high interstitial contents are heated above 950oC and cooled to room 
temperature [141, 142]. 
 
For both of the Fe-Cr-Al alloys, the hardness of the coating is 460–500 Hv. This hardness 
is similar to that of high-velocity oxy-fuel coatings deposited from Stellite® 12 alloy 
powder. Cobalt-based Stellite® 12 is widely used to resist heat and abrasion in tools for 
cutting plastics, paper and synthetic fibres [91]. The thermal spray coatings are typically 
2½ times thicker than the slurry coatings applied in this project. 
 
5.8.2. Cyclic oxidation of Fe-Cr-Al alloys  
5.8.2.1. Cyclic oxidation of uncoated Fe-Cr-Al alloys 
After the cyclic oxidation test lasting 528 h at 1000oC, an alumina scale has been formed 
on the surfaces of the uncoated Fe-16Cr-4Al and Fe-27Cr-4Al alloys. The scale thickness 
is 3–5 µm, as shown in Figures 4.20 and 4.21. The EDS analyses of both Fe-Cr-Al 
substrates indicate aluminium contents of 4–5.5 %, which, according to Golightly et al., are 
sufficient for the formation and repair of external alumina scales [143]. No oxides other 
than α-Al2O3 have been detected after the cyclic oxidation of uncoated Fe-Cr-Al alloys; 
there is no evidence of aluminium depletion or growth of non-protective iron oxide scales. 
 
Ferrite, i.e. a solid solution of chromium in iron, has been detected with α-Al2O3 by X-ray 
diffraction after the cyclic oxidation of uncoated Fe-16Cr-4Al and Fe-27Cr-4Al alloys. 
Other researchers have detected these phases after the oxidation of Fe-Cr-Al alloys. Stott et 
al. reported that the external α-Al2O3 scale formed in cyclic oxidation of the same alloys at 
1200oC contained small amounts of iron and chromium [144]. Badini and Laurella 
oxidised Kanthal AF (Fe-21Cr-5Al-1Si-0.01Y) at 900oC for 720 h and at 1200oC for 288 h. 
The amount of α-Al2O3 increased in comparison to the amount of ferrite at the higher 
temperature [145]. 
 
In this project, chromium carbide Cr23C6 has been detected by X-ray diffraction in the 
uncoated Fe-27Cr-4Al alloy after cyclic oxidation at 1000oC for 528 h. The peak at 2θ = 
30o in Figure 4.24(a) suggests that a lesser amount of the Cr23C6 phase is present in the Fe-
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16Cr-4Al alloy after cyclic oxidation. The chromium carbide has not been detected by this 
method in either of the as-received Fe-Cr-Al alloys. 
 
In the literature, it has been reported that ferritic stainless steels and Fe-Cr-Al alloys 
containing interstitial carbon and nitrogen are susceptible to sensitisation above 925–
950oC. The ductility, toughness and corrosion resistance of an embrittled alloy can be 
partially restored by annealing for a short time at 800–850oC, allowing chromium to 
diffuse chromium-depleted regions [141, 146, 147]. 
 
Sensitisation in ferritic heater alloys is avoided by limiting the carbon content. The carbon 
contents of Kanthal AF, Aluchrom YHf and Aluchrom YHfAl are 0.028, 0.022 and 
0.024% respectively [134]. According to Demo, total carbon plus nitrogen contents 
approaching 0.015% cause embrittlement of Fe-25%Cr alloys; Fe-30%Cr alloys are 
embrittled when the total interstitial content is 0.008% [148]. Sensitisation is more severe 
when the chromium content of an alloy exceeds 15% [147]. The carbon and nitrogen 
contents of the Fe-16Cr-4Al and Fe-27Cr-4Al alloys used in this project are not known, 
however, the X-ray diffraction and hardness data suggest that the Fe-27Cr-4Al alloy has 
been sensitised to a greater extent than Fe-16Cr-4Al alloy in the cyclic oxidation test at 
1000oC. 
 
After the cyclic oxidation of the uncoated Fe-16Cr-4Al alloy, dispersed second-phase 
particles have been detected by scanning electron microscopy. EDS analysis shows that the 
particles contain 67% iron, 10% chromium, 6% aluminium and 17% yttrium. Rosenberger 
and Wright have reported that YFe9 intermetallic compound has a composition of 
approximately Fe-10Cr-6Al-15Y [149]. The results in this project and those reported by 
Rosenberger and Wright are almost identical.  
 
The EDS analysis of the as-received Fe-16Cr-4Al alloy shows that the second-phase 
particles have a composition of 68% iron, 11% chromium, 6% aluminium and 
15% yttrium. Clearly, the YFe9 intermetallic particles are present in the as-received alloy 
and are not formed during the slurry aluminising or the cyclic oxidation tests. 
 
5.8.2.2. Cyclic oxidation of slurry-aluminised Fe-Cr-Al alloys 
After cyclic oxidation, for 528 h at 1000oC for intervals of 48 h, the coating/substrate 
interface of the slurry-aluminised Fe-16Cr-4Al and Fe-27Cr-4Al alloys has not been 
discernible. The EDS analyses have indicated that the aluminium content near the surface 
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of both alloys has decreased from 28%, after slurry-aluminising, to 6.5–8% after the cyclic 
oxidation test. It is believed that the alumina layers, formed on the surface of both alloys, 
have been formed and spall many times during the oxidation test. However, after the cyclic 
oxidation test, a 10–12 µm layer of aluminium oxide has been measured on the surface of 
the slurry-aluminised Fe-16Cr-4Al and Fe-27Cr-4Al coupons as shown in Figures 4.22 and 
4.23. 
 
The FeAl phase has been the major constituent of the original coatings, Figures 4.14 and 
4.15. However, this phase is no longer present in the coatings after the cyclic oxidation 
test. The FeAl phase transforms directly to ferrite at 1000oC, as the aluminium 
concentration decreases. The phase diagram in Figure 5.7 shows that the Fe3Al phase is 
stable below 550oC, so that it would not be formed during the oxidation test, and probably 
would not be formed during cooling because of the rapid cooling rate. Table 5.2 shows the 
phases detected on Fe-Cr-Al alloys. 
 
Table 5.2 Phases detected by X-ray diffraction in Fe-Cr-Al alloys. 
 
 
 
 
 
The increase in aluminium content to 6.5–8% in the Fe-16Cr-4Al and Fe-27Cr-4Al alloys 
after cyclic oxidation test has shown no significant increase in hardness; however, it is not 
clear whether there is any loss of ductility or toughness. The hardness measurements of the 
as-received, slurry-aluminised and oxidised Fe-Cr-Al alloys are presented in Table 5.3. 
 
Table 5.3 Hardness measurements made in Fe-Cr-Al alloy substrates. 
 
 
 
 
 
After cyclic oxidation test, grain growth has been observed in the uncoated and slurry-
aluminised coupons of Fe-27Cr-4Al alloy. It has been difficult to measure how much the 
grains have grown due to the pre-existing wide variation in the alloy grain size. However, 
the uncoated coupons have some grains of approximately 390 µm in length and 280 µm 
 Fe-16Cr-4Al Fe-27Cr-4Al 
As-received Ferrite Ferrite 
Slurry-coated FeAl, (Al,Cr)2O3,  Ferrite FeAl,  Ferrite 
Uncoated and oxidised at 1000°C 
for 528 h 
Ferrite, 
α-Al2O3 
Ferrite, α-Al2O3,  
Cr23C6 
Slurry-coated and oxidised at 
1000°C for 528 h 
Ferrite,  
α-Al2O3 
Ferrite,  
α-Al2O3 
 Fe-16Cr-4Al Fe-27Cr-4Al 
As-received 260−290 Hv 190−210 Hv 
Slurry-coated 160−185 Hv 235−240 Hv 
Uncoated and oxidised at 
1000°C for 528 h 
205−245 Hv 205−230 Hv 
Slurry-coated and oxidised 
at 1000°C for 528 h 
205−245 HV 220−240 Hv 
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across, as shown in Figure 4.19. The slurry-aluminised coupons have grains of 
approximately 500 µm in length and 330 µm across; however near the surface of the 
slurry-aluminised coupons, grains of 140–170 µm in length and 150 µm across have been 
formed. 
 
Grain growth in metals may occur by two mechanisms: abnormal grain growth and normal 
grain growth. In abnormal grain growth, the grain boundaries migrate at different rates, and 
some of the grains are larger than others at any stage in the growth process. This situation 
has not been observed in Fe-27Cr-4Al alloy after 528 h at 1000oC, where the grains are 
roughly uniform in size. This is an example of normal grain growth. 
 
Grain growth has not been observed in the uncoated and slurry-aluminised coupons of Fe-
16Cr-4Al alloy after cyclic oxidation due to the presence of yttrium-rich particles such as 
YFe9 in the substrate, as reported by Stott et al. [150]. 
 
Hegbom has reported that grain growth occurs in Fe-Cr-Al alloys when heated above 
900oC. However, grain growth can be diminished by the addition of rare earth elements, 
such as yttrium, to the alloy [151]. Satyanarayana and Pandey also have reported that the 
presence of small yttrium-rich particles, such as YFe9 or Y2O3, improves resistance to 
grain growth in Fe-Cr-Al alloys [152]. However, Stott et al. have reported that grain 
growth, in a Fe-27Cr-4Al-0.008Y alloy, was detected after isothermal oxidation for 24 h at 
1200oC [150].  
 
After cyclic oxidation test, voids with spherical shape of approximately 20–30 µm have 
been formed within the grains and at the grain boundaries of the slurry-aluminised Fe-
16Cr-4Al and Fe-27Cr-4Al alloys. The formation of these voids is due to a rapid diffusion 
of aluminium into the ferritic alloys, which produces a vacancy condensation, being the 
Kirkendall effect the source of vacancies, as reported by Golightly and Potter [70, 153]. 
Some of the voids detected in the slurry-aluminised Fe-16Cr-4Al alloy have been oxidised. 
 
Other researchers have reported the formation of voids in Fe-Cr-Al alloys. Stott et al. have 
detected the formation of voids, after cyclic oxidation at 1200oC for more than 48 h of Fe-
27Cr-4Al-0.008Y alloy. The voids have been formed in the alloy surface and have 
extended below the alloy/oxide interface [144]. Potter et al. also have reported the 
formation of voids, near the substrate/oxide layer interface, after isothermal oxidation at 
900–1200oC for times up to 700 h of Fe-20Cr-5Al alloy [153]. 
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5.9. The importance of solid-state diffusion in the formation of aluminide 
coatings 
Diffusion in solids occurs either interstitially or substitutionally. Interstitial diffusion, i.e. 
the movement of solute atoms in the interstices between solvent atoms, occurs when the 
solute atoms are appreciably smaller than the solvent atoms. The atomic radii of iron, 
nickel and aluminium are 0.126, 0.124 and 0.143 nm respectively. This mismatch is too 
small to allow interstitial diffusion, according to the 15% rule by Hume-Rothery [154], and 
diffusion in the aluminising of iron-based and nickel-based alloys takes place by 
substitutional diffusion, i.e. diffusion by movement of atoms between vacant lattice sites 
[155]. The vacancy diffusion coefficient (Dv) is given by the equation: 
Dv = 1/6 α2 Γ 
where α is the separation of atomic planes, and Γ is the jump frequency. Porter and 
Easterling have reported that this equation is more valid for interstitial than for 
substitutional diffusion. In substitutional diffusion, once the atom has jumped into a 
vacancy, the following jump is not equally probably in all directions, but it is more likely 
to jump into the vacancy left behind. If this happen, the jumps do not contribute to the 
diffusive flux [156]. Another factor that contributes to the vacancy diffusion coefficient is 
the crystal structure, as the separation of atomic planes (α) is determined by the lattice and 
varies little with temperature; however, it is almost the same for most metals [157] . In this 
project, the vacancy diffusion coefficients for the various aluminide phases identify has not 
been calculated. 
 
Diffusion in metallic materials is a thermally activated process. At low temperature, atomic 
vibration is limited and atoms are held in place in the crystal structure [158]. The diffusion 
coefficient (D) increases exponentially with temperature according to the Arrhenius 
equation: 
D = Do exp (−Q/RT) 
where Do is the frequency factor, in units of m2s-1, Q is the activation energy for diffusion, 
in units of Jmol-1, R is the gas constant, in units of JK-1mol-1, and T is the absolute 
temperature. 
 
The frequency factor (Do) and the activation energy (Q) vary with concentration. Brown 
and Ashby have reported that for pure metals, at their melting temperature, the frequency 
factor is approximately constant. They also have shown that the activation energy for solid-
state diffusion is directly proportional to the melting point of the solid (Tm) [159]. The 
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following values have been reported for face-centred cubic metals, such as aluminium, 
nickel or γ-iron at their melting points [156]: 
D  ≈  10-12 −10-13 m2s-1;   
Do  ≈  10-4 −10-5 m2s-1;   
and  Q  ≈  16−20 RTm. 
The activation energies (Q) for aluminium, nickel and γ-iron, at their melting points, are 
142,000, 279,700 and 284,100 Jmol-1 respectively [160-162]. The corresponding frequency 
factors (Do) are 1.7 x 10-4, 1.9 x 10-4 and 4.9 x 10-5 m2s-1 [156]. 
 
Aluminium has a lower melting point than iron and nickel, and lower activation energy for 
diffusion. Therefore aluminium is expected to diffuse faster than iron or nickel. On the 
other hand, iron and nickel have smaller atomic radii than aluminium and are expected to 
diffuse faster than aluminium. In iron-aluminium or nickel-aluminium systems, the rates of 
diffusion are influenced by several factors such as the atomic sizes of the elements, 
irregularities in the lattice, concentration and temperature [156]. 
 
In this project, aluminium from the coating and iron, or nickel, from the substrate, diffuse 
in opposite directions, and combine to form intermetallic phases during the diffusion heat 
treatment. In the various iron, or nickel, aluminides, diffusion of either iron, nickel or 
aluminium is predominant; significant diffusion of both species does not takes place 
simultaneously [163]. Eremenko et al. have reported that during the reaction of molten 
aluminium with iron, the formation of intermetallic phases and the dissolution of the solid 
metal takes place simultaneously [164]. 
 
Before slurry aluminising Alloy 214, thermal analyses have been carried out in order to 
ascertain the temperature at which the binder evaporates from the slurry.  
 
5.10. Thermal analyses 
5.10.1. Thermal analysis in oxygen 
The thermal analyses have been carried out by applying two layers of slurry on Alloy 214. 
After depositing the first layer, the slurry-painted coupons have been dried for twenty 
minutes in a pre-heated muffle furnace at 120oC. The second layer of slurry has then been 
applied on top of the dried first layer. Before being loaded into the thermal analysis 
apparatus, the slurry-painted coupons had been let to vent in air at room temperature for 
three hours. 
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It has been observed that the temperature at which the binder decomposes depends on the 
atmosphere in which it is heated. The TGA results have indicated that the burn out of 
hydroxypropylcellulose and methylcellulose in oxygen, has taken place at 210–230oC and 
250–300oC respectively, as shown in Figures 4.32 and 4.33. However, the data provided by 
the suppliers have reported that methylcellulose decomposes above 200oC whereas 
hydroxypropylcellulose burns out completely at 450–500oC in oxygen or nitrogen 
atmospheres [102, 165]. In this project, the burnout of hydroxypropylcellulose has taken 
place 220oC below the temperature reported by the manufacturer. 
 
Shafizadeh and Bradbury have reported that cellulose decomposes at 270–400oC in oxygen 
and approximately at 300oC in nitrogen. In each case, the combustion products are carbon 
monoxide, carbon dioxide and water vapour; however, the rate of gas evolution is slower 
in nitrogen than in oxygen [166]. Zohuriaan and Shokrolahi have reported that 
methylcellulose decomposes at 325–370oC in purified nitrogen gas [167]. 
 
The data reported by Shafizadeh and Bradbury are in agreement with the results obtained 
after removing methylcellulose in oxygen. However; in this project, no data are available 
for the temperature at which hydroxypropylcellulose or methylcellulose are removed in 
nitrogen atmospheres. 
 
The difference between the decomposition temperatures determined in this study and those 
reported by Shafizadeh and Bradbury are related to the sealing of the sample pan in the 
thermal analysis apparatus [168]. 
 
In a study to accurately measure the boiling points of different substances, Contreras et al. 
have reported that crucibles with pin-holed lids influence the vapour pressure at which 
liquids evaporate. The vapour pressure of the sample increases more rapidly when it is 
contained in pin-holed lids crucibles than in hermetically-sealed crucibles [169]. For this 
reason, the temperature range at which a sample suffers a transformation is lower in pin-
holed lids crucibles than in hermetically sealed crucibles. In this project, pin-holed lids 
have been used.  
 
Haines et al. have reported that the thermal conductivity of the sample holder (crucible) 
and its geometry also influence the temperature readings at which a sample suffers a 
transformation. Shallow, wide holders will allow a better interaction between the sample 
and the atmosphere. Narrow, deep holders may restrict this interaction [97]. 
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The TGA results of the slurries heated in oxygen in this project, have indicated a gain 
weight above 550oC, which is attributed to oxidation of aluminium in the slurry and to 
oxidation of the substrate surfaces. 
 
Gulbransen and Wysong have studied the oxidation behaviour of thin oxide films formed 
on aluminium at 200–550oC in oxygen. They have reported that, although aluminum is one 
of the more reactive metals, the reaction with oxygen at room temperature and even at 
temperatures up to 550°C is slow and the oxide layer formed is amorphous. However, after 
short periods above 550oC, the oxide layer grows more quickly and it is composed chiefly 
of γ-Al2O3 rather than α-Al2O3 [170], as the latter has been reported to be formed above 
900oC [171-173]. 
 
5.10.2. Thermal analysis in argon 
The TGA results have indicated that the burn out of hydroxypropylcellulose and 
methylcellulose in argon, has taken place between 310 and 370oC, as shown in 
Figures 4.30 and 4.31. The binders have been removed at higher temperatures in argon 
than in oxygen because the thermal conductivity of argon is lower than oxygen, being 
0.01772 and 0.02658 W/mK respectively [97]. Similar to the TGA results in oxygen, the 
gain weight observed above 550oC has been attributed to oxidation of aluminium in the 
slurry and to oxidation of the substrate surfaces by traces of oxygen contained in the argon 
atmosphere. 
 
The exothermic DSC peaks detected between 725 and 750oC in Figures 4.30 and 4.31 are 
associated with the oxidation of aluminium to form a layer of floating oxide on the surface 
of the molten material, as reported by Dispinar [174]. The DSC peaks at 850oC are due to a 
change of the ε-NiAl3 phase to δ-Ni2Al3 plus liquid, as the ε-NiAl3 phase is unstable above 
854oC. The other DSC peaks at 950 and 1000oC are due to formation and transformation of 
transition oxides such as γ-Al2O3, θ-Al2O3 and finally α-Al2O3. The peak at 950oC has 
been formed only in the slurry containing methylcellulose and it is absent in the slurry 
containing hydroxypropylcellulose, as shown in Figures 4.31 and 4.30 respectively. After 
thermal analysis, the samples have been lightly oxidised. 
 
The DSC peaks related to the transformation of ε-NiAl3 to δ-Ni2Al3 plus liquid have not 
been observed in the slurry containing hydroxypropylcellulose heated in oxygen. However, 
a small endothermic peak near 850oC has been observed in the slurry containing 
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methylcellulose heated in oxygen, as shown in Figure 4.33. No DSC peaks, related to the 
formation and transformation of transition oxides, have been detected in the slurries heated 
in oxygen. 
 
From the Ellingham diagram shown below, the equilibrium partial pressure of oxygen at 
the melting temperature of aluminium (660oC) is calculated to be approximately 10–50 atm. 
The argon atmospheres used in the TGA and DSC tests have not been purified to the same 
extent as the gases used in the heat treatment of the slurry-coated coupons. For this reason, 
oxidation of the surfaces of the substrate and aluminium from the slurry has been detected, 
as shown in the exothermic peaks at approximately 875oC in the DSC curves of 
Figures 4.30 and 4.31. 
 
Figure 5.8 Ellingham diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.11. Forming the slurry-aluminised coatings on Alloy 214 
5.11.1. Heat treatment of slurry-coated Alloy 214 at 700oC 
After the heat treatment at 700oC for different periods, the coatings are composed of an 
outer and an inner layer, the latter has four sub-layers. The results have shown that in 
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shorter heat treatments, the outer layer is thicker than the inner layer; however, after the 8-
hour heat treatment, the inner and outer layers are similar in thickness, as shown in 
Figure 4.37. 
 
In each of the coatings heat-treated at 700oC, the inner and outer layers contain 55–62% 
aluminium. The corresponding nickel contents are 26–39%, as shown in Figures 4.34–
4.37. These figures suggest the presence of ε-NiAl3 (i.e. 42% Ni−58% Al) as the major 
constituent of the coating. The EDS analyses have shown that the 1 µm thick inner sub-
layer is composed of chromium carbide (Cr23C6). Above this layer, a 60 µm thick matrix of 
Cr2Al13 containing ε-NiAl3 and δ-Ni2Al3 particles is detected. The matrix has a crack 
running parallel to the coating/substrate interface. Above the Cr2Al13 matrix a layer of 
acicular Cr23C6, approximately 6 µm thick has been formed. The remaining part of the 
inner layer is composed of an ε-NiAl3 matrix containing δ-Ni2Al3 particles. Figure 5.9 
shows a diagram illustrating the distribution of phases detected after heat treatment at 
700oC. 
 
Figure 5.9 Schematic diagram of phases formed in coatings heat-treated at 700oC. 
 
 
 
 
 
 
 
 
 
 
 
The inner layer of the schematic diagram shown in Figure 5.9 has been reported by Chien 
et al. after pack-aluminising Alloy Inconel 600 at 850oC for 6 h [175]. After pack 
aluminising Alloy Ni-14Cr at 900oC for 18 h, Tu and Seigle have reported that the 
microstructure of the resulting coating was composed mainly of δ-Ni2Al3 phase and had 
two main layers, similar to the microstructure of the slurry coatings formed on Alloy 214 at 
700oC [176]. 
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5.11.1.1. X-ray diffraction of slurry-aluminised Alloy 214 at 700oC 
According to the manufacturer’s information, the as-received Alloy 214 should be fully 
austenitic; however, an X-ray analysis has revealed that contains small amounts of gamma 
prime (γ′-Ni3Al), as shown in Figure 4.46. 
 
The X-ray diffraction spectra from the coatings heat-treated at 700oC are complex and 
some of the peaks have not been identified. A strong signal has been detected from the 
Cr2Al13 phase. This phase is not shown in the aluminium-chromium phase diagram 
published in 1958 by Hansen [177]. However, in 2006 Predel [178] reported that Cr2Al13 
and CrAl7 had monoclinic structures and identical lattice parameters. On the phase diagram 
of Okamoto [179], CrAl7 is stable between 21 and 24 wt.% Cr at temperatures up to 656oC. 
At higher temperatures, the phase field narrows and CrAl7 is not stable above 799oC. 
 
Figure 5.10 The Al-Cr phase diagram by (a) Hansen [177] and (b) Okamoto [179]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Godlewska and Godlewski reported the formation of chromium aluminides in the 
combined chromising-aluminising of pure nickel using the pack cementation method. In 
the chromising step, samples of nickel were chromised at 1050oC for 16 h in argon gas. 
The samples were then removed from the pack, ultrasonically cleaned in alcohol and dried. 
In the aluminising step, the chromised samples were aluminised at 1000oC for 16 h in 
argon. After obtaining the coating, precipitates of ρ-Cr2Al3 were detected in the outer layer 
of the coating, which was composed chiefly of δ-Ni2Al3 [180]. However, the ρ-Cr2Al3 
phase is not shown in the chromium-aluminium phase diagrams of Figure 5.10(a) and (b). 
 
(a) (b) 
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In this project, a phase detected by X-ray diffraction from the coatings heat-treated at 
700oC, proved difficult to identify. The most likely match is the intermetallic compound 
CrNiFe. This phase has an hexagonal structure and has been reported in Type 310 stainless 
steel by Carpenter Steel Co. [181]. However, the presence of this phase has not been 
detected by EDS due to the small size of the particles. No further information relating to 
this compound has been found. Similar to the CrNiFe phase, the presence of Ni3Al has not 
been detected by EDS due to the small size of the particles.  
 
The Cr2Al phase is stable between 78 and 83wt.% Cr; however, above 910oC, the phase 
field narrows and transforms to α-Cr. Chien et al. have reported the formation of Cr2Al 
after pack-aluminising, in two stages, Alloy Inconel 600. The Cr2Al phase was formed 
after the second stage, which took place at 1050oC for 5 h [175].  
 
Although austenite and α-Al2O3 have been detected by X-ray diffraction, they have not 
been detected by EDS analyses. A number of unidentified peaks in the diffraction spectra, 
i.e. 2θ = 76 and 78 in Figures 4.47–4.49, may correspond to Ni5Al3. However, there does 
not seem to be any conclusive proof that the Ni5Al3 phase is present in the coatings. 
 
5.11.1.2. Classification of coatings heat-treated at 700oC  
According to the classification given by Andersen et al. and supported by, Angenete et al. 
and Bose [182-184], the aluminised coatings formed on Alloy 214 at 700oC are classified 
as high-activity coatings. This type of coating is formed by inward diffusion of aluminium 
rather than outward diffusion of nickel. The evidence is as follows: 
i. the main coating constituent was ε-NiAl3; a high aluminium activity is needed 
to form this phase [185]; 
ii. the original surface of the substrate has become the external surface of the 
coating [184];  
iii. Kirkendall porosity is absent [184]. 
 
Figure 5.11 shows a sketch of the microstructure of the slurry-aluminised coating on 
Alloy 214 after heat treatment at 700oC. 
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Figure 5.11 Schematic diagram of an inwardly diffused aluminide coating. 
 
 
 
 
 
 
 
 
 
Duret and Pichoir have reported that in the aluminising of nickel-based alloys, Kirkendall 
porosity is generally absent. This may be explained by the fact that for the same aluminised 
coating thickness, there is less nickel diffusing in a nickel-based alloy than in pure nickel 
[99]. Dini has reported that methods such as sputtering and physical vapour deposition 
produce coatings with fine-grained structures and a high defect density. Dini has also 
reported that grain boundaries and dislocations serve as rapid diffusion paths in metallic 
coatings; consequently, metallic coatings produced by these methods are more prone to 
form Kirkendall porosity [155]. In contrast, Benn et al. have reported that coatings 
obtained by plasma spray or physical vapour deposition are less prone to form Kirkendall 
porosity than aluminide coatings. They reported that the latter fails after short periods of 
service, due to the formation of Kirkendall porosity. When present; Kirkendall porosity 
leads to coating loss, particularly under thermal cycle conditions, as the voids coalesce into 
continuous cracks and produce the coating to detach from the substrate [186]. 
 
5.11.2. Heat treatment of slurry-coated Alloy 214 at 1000oC 
After heat treating the slurry-coated coupons of Alloy 214 at 1000oC, the resulting coatings 
are composed of three layers. Cross-sectional examination of slurry-aluminised Alloy 214, 
heat-treated for 1–8 h, has shown that the coatings contain relatively few defects. 
 
The outer layer of the coating is composed of coarse equi-axed grains of δ-Ni2Al3 with a 
continuous Cr5Al8 phase, formed in the grain boundaries. It has been reported by Grushko 
et al. that chromium has a low solubility in the δ-Ni2Al3 phase, i.e. 2.5 at.% Cr at 1000oC 
[187]. However, Compton et al. have reported that δ-Ni2Al3 dissolves up to 12 at.% Cr at 
700oC [188]. The rejected chromium has reacted with aluminium from the slurry to form 
intergranular Cr5Al8. The middle layer of the coating is composed of columnar δ-Ni2Al3 
grains containing 5–6% chromium in solid solution. Two different compositions were 
Al diffuses inward 
DAl > DNi 
 
Outer layer 
Inner layer 
Original surface 
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detected in the inner layer. One of them is a chromium-rich acicular phase containing 
77% iron, 18% nickel, 3% iron and 2% aluminium, which suggests that this phase is α-Cr. 
The other acicular phase comprised 58% nickel, 23% chromium, 14% aluminium and 
5% iron. This composition suggests the presence of δ-Ni2Al3. The three layers of the 
slurry-aluminised coatings on Alloy 214 contain 1–5% of dissolved iron. A three-layer 
coating has been reported by Goward and Boone after pack aluminising Alloy Udimet 700 
(Ni-18½Co-15Cr-5.25Mo-4.25Al-3½Ti-0.1C-0.03B) at 1080oC for 4 h [64]. 
 
Other authors have reported the formation of the Cr5Al8 phase after aluminising nickel-
based alloys. Tu and Seigle found Cr5Al8 precipitates after pack-aluminising Ni-25at.% Cr 
and Ni-32at.% Cr alloys at 1025oC for 4 h in hydrogen gas. The precipitates were detected 
in the outer part of the coating, composed chiefly of nickel-rich NiAl [176]. Chien et al. 
also found Cr5Al8 precipitates after pack-aluminising Alloy Inconel 600 (Ni-15½Cr-8Fe-
0.07C) at 850oC for 6 h [175]. 
 
In this project, it has been found that the thicknesses of the chromium-rich inner layers of 
the slurry coatings, heat-treated at 1000oC on Alloy 214, have increased as the heat 
treatment is extended, as shown in Figures 4.39–4.43. This increase in thickness is due to 
an outward diffusion of nickel from the substrate to the coating, which results in an 
enrichment of chromium near the coating/substrate interface [64]. 
 
5.11.2.1. X-ray diffraction of slurry-aluminised Alloy 214 at 1000oC 
The peaks detected in the X-ray diffraction spectra of the coatings heat-treated at 1000oC 
have been fully identified. The phases detected are NiAl, Ni2Al3, Cr5Al8, austenite and α-
Al2O3. The NiAl phase has shown a strong signal, as shown in Figures 4.50 and 4.51, but 
has not been detected, together with austenite and α-Al2O3, by EDS analyses. However, it 
is believed that the NiAl phase has started to form and that the complete transformation 
from Ni2Al3 to NiAl requires longer heat treatments at 1000oC. Longer heat treatments will 
allow aluminium to diffuse into the substrate and the coating eventually will be composed 
chiefly of NiAl. The Ni2Al3 phase is stable between 45 and 40wt.% Al and at a temperature 
above 1130oC, the phase field narrows and suffers a peritectic transformation of liquid + 
NiAl, as shown in the Al-Ni phase diagram of Figure 5.12. 
 
 
 
 
                                                                                                                                                          5: Discussion 
 
 
188 
Figure 5.12 The Al-Ni phase diagram [178]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.11.2.2. Classification of coatings heat-treated at 1000oC 
According to the classification given by Duret ant Pichoir [99], the slurry-aluminised 
coatings heat-treated at 1000oC are outwardly diffused, i.e. the outer part of the coating is 
formed by outward diffusion of nickel rather than by inward diffusion of aluminium. The 
original surface of the coupon is no longer located at the coating/substrate interface, but it 
is within the coating. In order to form an outwardly diffused coating, the outward diffusion 
of nickel must be faster than the inward diffusion of aluminium. In contrast, Goward and 
Boone categorised this type of coatings as inward diffusion [64]. In each case, the main 
constituent of the coating is the δ-Ni2Al3 phase.  
 
After pack aluminising pure nickel for 1–2 h at 760–870oC, Goward and Boone have 
reported that the coating formed was composed only of δ-Ni2Al3 phase [64]. Tu and Seigle 
have reported that after pack aluminising Alloy Ni-14Cr at 900oC for 18 h, the resulting 
coating was composed chiefly of δ-Ni2Al3 phase [176]. 
 
Figure 5.13 shows a sketch of the microstructure of the slurry-aluminised coating on 
Alloy 214 after heat treatment at 1000oC. From the location of the original coupon surface 
in the diagram, it is clear that the coating is outwardly diffused. 
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Figure 5.13 Schematic diagram of an outwardly diffused aluminide coating. 
 
 
 
 
 
 
 
 
 
 
 
 
5.11.3. Formation of cracks in the slurry-aluminised coatings on Alloy 214 
In this project, cracks running parallel to and close to the coating/substrate interface have 
been formed in the inner layers of the slurry coatings heat-treated at 700oC on Alloy 214. 
Cracks have also been detected in the slurry coatings heat-treated at 1000oC. The first 
crack of the coatings heat-treated at 1000oC has been formed in the outer layer of the 
coating heat-treated for 3 h. The second crack has been formed in the middle layer of the 
coating heat-treated for 5 h. In each case, the cracks are oriented parallel to the 
coating/substrate interface. 
 
It has been observed that the formation of cracks is more common in coatings thicker than 
250 µm. However, the coating heat-treated at 1000oC for 7 h is approximately 320 µm 
thick, Figure 4.43, and no cracks have been formed within. For this reason, it is believed 
that the cracks have been formed due to several factors, which include: 
i. residual stresses, formed during cooling from the heat-treatment temperature to 
the room temperature [189]; 
ii. the formation of brittle intermetallic phases [38, 182]; 
iii. excess of slurry, coating thicknesses between 280 and 350 µm and; 
iv. a mismatch in the thermal expansion coefficients between the substrate and the 
coating [60]. 
 
The coatings heat-treated at 700 and 1000oC are subjected to stresses caused by volume 
changes associated with phase transformations or compositional changes in the coating, or 
in the substrate, as reported by Schneider and Grünling [190]. 
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In the aluminising of nickel-based alloys, Boone and Goward have reported that coatings 
containing an aluminium content higher than that corresponding to the Ni2Al3 phase, 
cannot be used because of their brittleness [191]. Hence, it seems that the formation of 
brittle aluminium-rich phases is a contributory factor for the formation of cracks. 
 
Kameda et al. have reported that after aluminising Alloy René 80 (Ni-14Cr-9½Co-5Ti-
4Mo-4W-3Al-0.17C-0.03Zr-0.015B), cracks have been formed in the outer part of the 
coatings, which were 200–250 µm thick. The formation of these cracks was attributed to 
thermal stresses produced during cooling from the heat-treatment temperature to room 
temperature [192]. Brindley et al. have reported that thick MCrAlY bond coats generate 
higher thermal stresses than thin bond coats [193]. Kossowsky et al. have reported that 
aluminide coatings for aero gas turbines are typically 50–70 µm thick [194]. 
 
Another possible cause of cracking is due to the mismatch of thermal expansion 
coefficients between the coating and the substrate. The thermal expansion coefficients of 
the alloys used in this project and the aluminide phases detected in the slurry coatings are 
shown in Table 5.4. Expansion data for Alloy HCM12A has not been found; however, data 
for some stainless steels with similar compositions are included. 
 
Table 5.4 Thermal expansion coefficients of aluminides and alloys. 
 
 
 
 
 
 
 
 
* Indicates an average value over the specified temperature range 
 
Schneider and Grünling have suggested that the thermal expansion mismatch between  the 
coating and the substrate, should be less than 2 x 10-6 oC-1 in order to prevent crack 
formation [190]. However, this guideline has not been followed in this project. For 
example, after slurry aluminising Alloy 214 for 2 h at 1000oC followed by 2 h at 1150oC, 
the coating is composed chiefly of β-NiAl. The difference in the thermal expansion 
coefficients between β-NiAl and Alloy 214 is 5.7 x 10-6 oC-1. This difference is almost 
 
Material 
Temperature  
range  
(oC) 
Thermal 
expansion  
(x 10-6 oC-1) 
 
Reference 
NiAl 250–1050 14.3* [190] 
Ni3Al 100–1000 12.8–16.6 [195] 
FeAl 100–1200 18.3–26.5 [195] 
Fe3Al 100–1200 15.4–23.5 [195] 
Alloy 800H 20–760 14.2–17.8 [196] 
Alloy 214 25–1000 20* [69] 
Type 416 ferritic stainless steel 25–650 11.7* [197] 
Type 410 martensitic stainless steel 25–650 11.7* [197] 
Type 420 martensitic stainless steel 25–100 10.3* [197] 
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three times the recommended by Schneider and Grünling, i.e. 2 x 10-6 oC-1. It appears that 
this significant difference in the expansion coefficients has contributed to the formation of 
cracks in the slurry coatings heat treated at 1000oC. This mechanism also accounts for the 
cracks detected in the inner layer of the coatings heat-treated at 700oC on Alloy 214. 
 
Table 5.5 shows the thermal expansion coefficients of several common wrought and cast 
nickel-based alloys. The thermal expansion coefficient of Alloy 214 is greater than the 
expansion coefficient of other wrought and cast nickel-based alloys. 
 
Table 5.5 Thermal expansion coefficients of selected nickel-based alloys. 
 
* Indicates an average value over the specified temperature range 
 
Based on the data in Table 5.5, it seems that Alloy 214 is a poor choice of substrate for the 
development of slurry coatings. Other wrought alloys with lower expansion coefficients, 
such as Alloys 693 and 602 CA, may be more promising substrates for obtaining crack-
free coatings. 
 
5.11.4. The formation of nickel aluminides on slurry-aluminised Alloy 214 
The Al-Ni phase diagram presented in Figure 5.12 have shown that the Al-Ni system has 
four major intermetallic phases, γ′-Ni3Al, δ-Ni2Al3, β-NiAl and ε-NiAl3 [178]. According 
to Colgan, the existence of a possible fifth intermetallic phase, Ni5Al3, is not well 
established [202]. The ε-NiAl3 is a line compound; the others have extended compositional 
ranges. The β-NiAl melts congruently whereas γ′-Ni3Al, δ-Ni2Al3 and ε-NiAl3 undergo 
peritectic-type reactions. 
 
Material 
 
Composition 
Temperature  
range  
(oC) 
Thermal  
expansion* 
(x 10-6 oC-1) 
 
Reference 
Alloy 693 Ni-29Cr-4Fe-3Al-1½Nb-1Mn-1Ti-0½Cu-0½Si-
0.15C-0.01S 
100–900 14.9 [198]  
Alloy 602 CA Ni-25Cr-9½Fe-2Al-0½Mn-0½Si-0.2C-0.15Ti-
0.08Y-0.05Zr-0.02P-0.01S 
100–1100 15.3 [199] 
Hastelloy X Ni-22Cr-18Fe-9Mo-1½Co-1Mn-1Si-0.6W-
0.1C-0.008B 
25–1000 16.6 [200] 
Hastelloy S Ni-16Cr-15Mo-3Fe-2Co-1W-0½Mn-0.3Al-
0.35Cu-0.02C-0.02P-0.015B-0.015S-0.05La 
20–1093 16.0 [200] 
IN-713 C Ni-12½Cr-6Al-4.2Mo-2Nb-0.8Ti-0.12C-0.1Zr-
0.012B 
93–1093 13.7 [201] 
B-1900 Ni-10Co-8Cr-6Al-6Mo-4.3Ta-1Ti-0.1C-0.08Zr-
0.015B 
93–1093 13.7 [201] 
IN-100 Ni-15Co-10Cr-5½Al-4.7Ti-3Mo-1V-0.18C-
0.06Zr-0.014B 
93–1093 15.0 [201] 
MAR-M 246 Ni-10Co-10W-9Cr-5½Al-2½Mo-1½Ti-1½Ta-
0.15C-0.05Zr-0.015B 
93–1093 14.9 [201] 
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The Pearson symbols31 are: oP16 for ε-NiAl3, hP5 for δ-Ni2Al3, cP2 for β-NiAl, cP4 for γ′-
Ni3Al and oC16 for Ni5Al3 [202, 203]. 
 
The driving force for a process to take place is given by the change in the free energy ∆G0. 
Pretorius has reported that in solid-state interactions, the change in enthalpy (or heat of 
formation) ∆H0 is a good measure of the change in free energy ∆G0, as the change in 
entropy ∆S0 is usually small in solid-state reactions. Pretorius also reported that the first 
compound formed during the aluminium-nickel interaction, is the phase with the most 
negative effective heat of formation (∆H0) at the concentration of the lowest temperature 
eutectic of the binary system [185]. In this manner, it is possible to use the enthalpy of 
formation data to predict the nickel aluminide phase formed, depending on the aluminium 
concentration. The standard enthalpies of formation for nickel aluminides are given in 
Table 5.6. 
 
Table 5.6 Standard heats of formation for nickel aluminides. 
 
 
 
 
 
The nickel aluminide layers develop with a uniform growth front; there is little evidence of 
preferential growth along grain boundaries. This suggests that the kinetics of the growth 
process is controlled by lattice diffusion. With diffusion control kinetics, the reaction rate 
can be expressed as: 
X2 = Dt 
where X is the thickness of the nickel aluminide layer, in cm, D is the effective diffusion 
constant, in cm2s-1, and t is the heat-treatment time, in s. Table 5.7 shows the effective 
diffusion of the different layers obtained at 700 and 1000oC heat treatments. 
 
 
 
 
                                               
31
 The Pearson system uses two characters and a number to classify the Bravais lattice. The first letter 
represents the crystal system: i.e. anorthic/triclinic (a), monoclinic (m), orthorhombic (o), tetragonal (t), 
hexagonal (h) or cubic (c). The capital letter indicates whether the lattice is primitive (P), one-face-centred 
(C), all-face-centred (F), body-centred (I) or rhombohedral (R). The number indicates how many atoms are in 
the crystallographic cell. 
Phase ∆H0 (Kj/g mol) Atoms/molecule ∆H0 (kJ/g at) 
ε-NiAl3 -152 4 -38 
δ-Ni2Al3 -285 5 -57 
β-NiAl -118 2 -59 
γ′-Ni3Al -164 4 -41 
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Table 5.7 Effective diffusion of the different coating layers obtained at 700 and 1000oC heat treatments. 
 
5.11.5. Correlation of XRD and SEM data 
Table 5.8 gives the atomic masses of the different elements detected in the coatings after 
heat treatments at 700 and 1000oC. These data are useful in identifying the various 
intermetallic phases, carbides and oxides from EDS analyses. 
 
Table 5.8 Atomic masses of nickel, aluminium, chromium, iron, oxygen, carbon and yttrium. 
 
 
 
 
 
 
Table 5.9 gives the chemical compositions (in wt.%) of the intermetallic phases identified 
in the X-ray diffraction spectra obtained from slurry-aluminised Fe-Cr-Al alloys and 
Alloy 214. 
 
 
 
 
 
 
 
 
 
 
 
 1 h 2 h 3 h 4 h 5 h 6 h 7 h 8 h 
700oC         
Inner layer  5.8680 x 
10-9 
 6.9444 x 
10-9 
 6.6666 x 
10-9 
 6.3281 x 
10-9 
Outer layer  1.1281 x 
10-7 
 2.7777 x 
10-8 
 2.0416 x 
10-8 
 7.3003 x 
10-9 
1000oC         
Inner layer 2.7777 x 
10-10 
 9.2592 x 
10-11 
 1.2500 x 
10-10 
 2.4802 x 
10-10 
 
Middle layer 1.5625 x 
10-8 
 8.3564 x 
10-9 
 5.0138 x 
10-9 
 4.8015 x 
10-9 
 
Outer layer 6.6736 x 
10-8 
 2.8356 x 
10-8 
 2.0055 x 
10-8 
 1.4325 x 
10-8 
 
Element Atomic mass 
(g/mol) 
Ni 58.69 
Al 26.98 
Cr 51.99 
Fe 55.84 
O 15.99 
C 12.01 
Y 88.90 
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Table 5.9 Compositions of the intermetallic phases detected in coatings. 
 
From the compositions listed in Table 5.9, some of the intermetallic constituents of the 
slurry-aluminised coatings, formed on Fe-Cr-Al alloys and Alloy 214, have been identified 
from the EDS analyses presented in Figures 4.10 and 4.11 (Fe-Cr-Al alloys), Figures 4.34–
4.37 (Alloy 214 aluminised at 700oC) and Figures 4.39–4.43 (Alloy 214 aluminised at 
1000oC). The existence of some of these phases has been confirmed by XRD. 
 
Table 5.10 gives the chemical compositions (in wt.%) of the non-metallic compounds 
identified in the X-ray diffraction spectra obtained from slurry-aluminised Fe-Cr-Al alloys 
and Alloy 214. 
 
 
 
 
 
 
 
 
 
Intermetallic 
Compound 
Crystal  
Structure 
Calculation 
Using atomic masses 
Composition 
(Wt. %) 
 
FeAl 
 
Cubic 
55.84 + 26.98 = 82.82 
Fe: [55.84 / 82.82] x 100 = 67.42% 
Al: [26.98 / 82.82] x 100 = 32.58% 
 
67.42%Fe–32.58%Al 
 
NiAl 
 
 
Cubic 
58.69 + 26.98 = 85.67 
Ni: [58.69 / 85.67] x 100 = 68.5% 
Al: [26.98 / 85.67] x 100 = 31.5% 
 
68.5%Ni–31.5%Al 
 
Ni3Al 
 
 
Cubic 
58.69 (3) + 26.98 = 203.05 
Ni: [58.69 (3) / 203.05] x 100 = 86.71% 
Al: [26.98 / 203.05] x 100 = 13.29% 
 
86.7%Ni–13.3%Al 
 
NiAl3 
 
Orthorombic 
58.69 + 26.98 (3) = 139.63  
Ni: [58.69 / 139.63] x 100 = 42.03% 
Al: [26.98 (3 ) / 139.63] x 100 = 57.97% 
 
42.0%Ni–58.0%Al 
 
Ni2Al3 
 
 
Hexagonal 
58.69 (2) + 26.98 (3) = 198.32 
Ni: [58.69 (2) / 198.32] x 100 = 59.18% 
Al: [26.98 (3) / 198.32] x 100 = 40.82% 
 
59.2%Ni–40.8%Al 
 
Cr2Al13 
 
 
Monoclinic 
51.99 (2) + 26.98 (13)= 454.72 
Cr: [51.99 (2) / 454.72] x 100 = 22.87% 
Al: [26.98 (13) / 454.72] x 100 = 77.13% 
 
77.1%Al–22.9%Cr 
 
Cr5Al8 
 
 
Rhombohedral 
51.99 (5) + 26.98 (8) = 475.79 
Cr: [51.99 (5) / 475.79] x 100 = 54.64% 
Al: [26.98 (8) / 475.79] x 100 = 45.36% 
 
45.4%Al–54.6%Cr 
 
CrNiFe 
 
 
Hexagonal 
51.99 + 58.69 + 55.84 = 166.52  
Cr: [51.99 / 166.52] x 100 = 31.22% 
Ni: [58.69 / 166.52] x 100 = 35.25% 
Fe: [55.84 / 166.52] x 100 = 33.53% 
 
31.2%Cr–35.3%Ni–33.5%Fe 
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Table 5.10 Compositions of the non-metallic phases detected in coatings. 
 
In the aluminising of nickel-based alloys, it is known that coatings containing significant 
amount of δ-Ni2Al3 are brittle and perform poorly in practical applications [191]. For this 
reason, it is normal procedure for such coatings to be heat-treated in order to convert the δ-
Ni2Al3 into the more ductile β-NiAl phase [98, 99]. 
 
5.11.6. Converting the δ-Ni2Al3 to β-NiAl phase 
According to the Al-Ni phase diagram, shown in Figure 5.12, the δ-Ni2Al3 phase is 
unstable above 1133oC. In order to convert the δ-Ni2Al3 to β-NiAl, the slurry-aluminised 
coupons containing the δ-Ni2Al3, i.e. those heat-treated at 1000oC for 2 h, have been given 
an additional heat treatment at 1150oC for 2 h.  
 
The stoichiometric composition of β-NiAl is approximately 68.5wt.%Ni–31.5wt.%Al. In 
this project, after the second heat treatment at 1150oC, the coating contained 26–31% 
aluminium and 63–69% nickel. These figures are consistent with the formation of β-NiAl 
which has been confirmed by X-ray diffraction. 
 
In the literature, researchers, such as Bornstein and DeCrescente [204] and Das et al. [205], 
have converted δ-Ni2Al3 to β-NiAl. Several other researchers have carried out the 
transformation at temperatures below 1133oC. Goward and Boone have carried out the heat 
treatment at 1080oC for 4 h [64]. Gale and King have carried out the heat treatment at 
1100oC for 1 h [206]. In studies of NiAl-Al2O3 composites, Zhu and Abbaschian have 
reported that the transformation takes place in 30 min at 1050oC [207]. In the aluminising 
of Ni-13Al and Ni-58Al alloys, Naiborodenko et al. have found that the transformation of 
δ-Ni2Al3 to β-NiAl has commenced after 50 h at 420oC; the amount of β-NiAl is increased 
Non-metallic 
Compound 
Crystal 
Structure 
Calculation 
Using atomic masses 
Composition 
(Wt. %) 
 
 
(Cr0.46Al1.54)O3 
 
 
Rhombohedral 
51.99 (0.46) + 26.98 (1.54) + 15.99 (3) = 
113.44 
Cr: [23.92 / 113.44] x 100 = 21.09% 
Al: [41.55 / 113.44] x 100 = 36.63% 
O: [47.97 / 113.44] x 100 = 42.28% 
 
 
21.09%Cr–36.63%Al 42.28%O 
 
NiAl2O4 
 
Cubic 
58.69 + 26.98 (2) + 15.99 (4) = 176.61 
Ni: [58.69 / 176.61] x 100 = 33.23% 
Al: [26.98 (2) / 176.61] x 100 = 30.56% 
O: [15.99 (4) / 176.61] x 100 = 36.21% 
 
33.23%Ni–30.56%Al–36.21%O 
 
Cr23C6 
 
Cubic 
51.99 (23) + 12 (6) = 1267.77 
Cr: [1195.77 / 1267.77] x 100 = 94.32% 
C: [72 / 1267.77] x 100 = 5.68% 
 
94.32%Cr–5.68%C 
 
α-Al2O3 
 
 
Rhombohedral 
26.98 (2) + 15.99 (3) = 101.93 
Al: [26.98 (2) / 101.93] x 100 = 52.94% 
O: [15.99 (3) / 101.93] x 100 = 47.06% 
 
52.94%Al–47.06%O 
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significantly after 300 h [208]. The results reported by Naiborodenko et al. show that the 
transformation of δ-Ni2Al3 to β-NiAl can be carried out at low temperatures by applying 
longer heat treatments. 
 
The β-NiAl phase has a melting point of 1640oC, which is higher than the other nickel 
aluminide phases [209, 210]. In addition, β-NiAl has a low density and good heat transfer 
characteristics, which are advantageous for rotating components in gas turbine 
applications. The density of β-NiAl is 5.86 g/cm3, whereas typical nickel-based alloys have 
densities of 8–9 g/cm3 [200]. The thermal conductivity of β-NiAl is up to 300% higher 
than typical nickel-based superalloys [211]. The β-NiAl phase is the major component of 
protective aluminide coatings on the majority of high-pressure turbine blades and vanes in 
aircraft engines [212, 213]. Upon oxidation at high temperature, β-NiAl oxidises to form 
only α-Al2O3; there is no transient nickel oxide or spinel [214, 215]. The diffusion of 
cations and oxygen ions in α-Al2O3 occurs very slowly and the oxide forms a highly 
protective scale [216]. 
 
The amount of aluminium required to form a protective alumina scale on a nickel-based 
alloy may be reduced by adding chromium [217]. Stott et al. have reported that the 
addition of a third element, such as chromium, to binary M-Al alloys (i.e. NiAl) decreases 
the inward flux of oxygen into the alloy when the primary getter, aluminium in this case, is 
removed from the surface regions as oxide. This allows aluminium to diffuse to the surface 
of the substrate without precipitating as internal oxide, resulting in the re-establish of a 
healing Al2O3 layer at relatively low alloy aluminium concentrations [218]. Chromium is 
substituted at the aluminium sites in the β-NiAl lattice; however, when the solubility limit 
is exceeded, chromium is precipitated in the β-NiAl phase. According to Tian et al., the 
maximum solubility of chromium in β-NiAl is 10 at.% at 1150oC [219]. Goward and 
Boone have pointed out that the solubility of chromium in β-NiAl increases as the 
aluminium content decreases [64]. 
 
In this project, the heat treatment to convert the δ-Ni2Al3 phase to β-NiAl has also 
converted the Cr5Al8 phase to small chromium-rich precipitates. The EDS analyses have 
indicated that the precipitates contained 83–85% Cr, as shown in Figure 4.45(a), which is 
consistent with the formation of α-Cr. However, these particles have not been identified by 
X-ray diffraction. Both, the α-Cr precipitates and the β-NiAl phase have body-centred-
cubic crystal structures (CsCl); in this manner, it is suspected that the diffraction peaks 
from the α-Cr are masked by the larger peaks of the β-NiAl, which is the major constituent 
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of the coating. The lattice spacings (d spacings) for α-Cr and β-NiAl are shown in 
Table 5.11 [93]. 
 
Table 5.11 d spacings for β-NiAl and α-Cr. 
 
The transformation of chromium aluminides in α-Cr has been reported by other authors. 
Godlewska and Godlewski have reported that after the combined chromising-aluminising 
deposition on pure nickel, Alloy IN 100 (Ni-15Co-10Cr-5½Al-5Ti-3Mo-1V-0.15C-0.05Zr-
0.01B) and Alloy EI 867 (Ni-10Mo-9Cr-5W-5Co-4Al-4Fe-0.1C-0.02B), the coating 
consisted of four layers. In each coating, the outer layer was composed chiefly of δ-Ni2Al3 
with ρ-Cr2Al3 precipitates, the layer underneath was aluminium-rich β-NiAl, the layer 
underneath was nickel-rich β-NiAl and the inner layer was γ′-Ni3Al. Upon diffusion 
annealing, the δ-Ni2Al3 phase has transformed to β-NiAl and the ρ-Cr2Al3 precipitates to α-
Cr [180]. However, the ρ-Cr2Al3 phase is not shown in the chromium-aluminium phase 
diagrams shown in Figure 5.10. Chien et al. have reported that after pack aluminising 
Alloy Inconel 600 (Ni-15½Cr-8Fe-0.07C) at 850oC for 6 h, precipitates of Cr5Al8 have 
been detected in a coating composed chiefly of δ-Ni2Al3. However, after subjecting the 
coating to a second heat treatment at 1050oC for 5 h, the Cr5Al8 precipitates have 
transformed to α-Cr [175]. According to Kim et al., it is possible that Cr5Al8 can transform 
into Cr2Al if sufficient chromium is available and if the heat treatment temperature does 
not exceed 910oC [220].  
 
In this project, the Cr2Al phase has only been detected in the slurry-aluminised coupons of 
Alloy 214 heat-treated at 700oC and no evidence of this phase has been detected after 
applying heat treatments at 1000oC or 1150oC. The ρ-Cr2Al3 phase reported by Godlewska 
and Godlewski has not been identified in this project. 
 
Goward and Boone have reported the formation of α-Cr precipitates after pack-aluminising 
Hastelloy X (Ni-22Cr-18½Fe-9Mo-1½Co-0.6W-0½Si-0.1C) at 1080oC for 4 h. They have 
reported that after outward diffusion of nickel from the substrate to the coating, the 
coating/substrate interface has been enriched in chromium, and it was where the α-Cr 
precipitates have been detected [64]. Tu and Seigle have reported that after pack-
aluminising Alloy Ni-14Cr at 1150oC for 9 h, isolated precipitates of α-Cr have been 
Lattice plane 1 0 0 1 1 0 1 1 1 2 0 0 2 1 0 2 1 1 2 2 0 3 1 0 2 2 2 
d-spacing for β-NiAl (Å) 2.870 2.020 1.655 1.434 1.285 1.171 1.015 0.913 0.833 
d-spacing for α-Cr (Å) ----- 2.039 ----- 1.442 ----- 1.177 1.019 0.912 0.833 
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detected in the nickel-rich matrix of NiAl. Columnar α-Cr precipitates have been also 
detected at the coating/substrate interface [176]. Das et al. have also reported α-Cr 
precipitates at the coating/substrate interface after aluminising CM-247 LC (Ni-9½W-9Co-
8Cr-5.6Al-3Ta-1½Hf-0.7Ti-0.5Mo-0.15B-0.07C-0.015Zr) at 1034oC for 1–10 h intervals 
[205]. 
 
5.11.7. Hardness measurements of slurry-aluminised Alloy 214 heat-treated at 700oC 
The results have indicated that the hardness of the outer layer, composed chiefly of ε-
NiAl3, of the coatings heat-treated at 700oC is 710–760 Hv. Compton et al. have reported 
that the hardness of a mixture of ε-NiAl3 and δ-Ni2Al3 phases, in aluminium-rich Al-Cr-Ni 
alloys prepared by arc-melting, is 760 ± 30 Hv [188]. The hardness of the outer layer is 
comparable to the hardness of the abrasion-resistant hard-facing alloy Stellite® 190, which 
is 570–760 Hv. This alloy has a strong cobalt-based matrix with carbides of tungsten and 
chromium that provide the abrasion resistance necessary for using the alloy in bearing 
journals in tri-cone rotary rock bits [91]. 
 
In this project, the high hardness of the inner layer, 860–910 Hv, is due to a combination of 
different hard phases detected in the layer such as Cr23C6, (1000 Hv) [221] Ni2Al3 
(700 Hv) [222] and Cr2Al13 (700 Hv) [223]. The presence of chromium carbides is because 
at 700oC, nickel-based alloys are sensitised and chromium carbides, of the type Cr23C6, 
have been formed [224]. Chromium carbide has three crystallographic forms: cubic 
(Cr23C6), hexagonal (Cr7C3) and orthorhombic (Cr3C2). They are normally applied by the 
HVOF method [225, 226]. In this project, no evidence of the hexagonal or orthorhombic 
phases has been detected after slurry-aluminising Alloy 214 at 700oC. 
 
The hardness of the inner layer is in the range of the hardness of hard chromium plating, 
which is 850–1000 Hv [227]. Electroplated hard chromium provides good wear and 
corrosion resistance to metallic substrates such as stainless steel and copper. Examples of 
hard-chromium-plated components include print rollers, motorcycle forks, aircraft engine 
parts, piston rings, cutting tools and hydraulic cylinders [228, 229]. During electrolytic 
deposition of chromium, tensile stresses are developed in the layers of the chromium 
coating, which may lead to the formation of microcracks. However, the microcracks may 
be filled with oil and may facilitate lubrication in applications requiring wear resistance 
[230]. In this project, the cracks formed in the slurry-aluminised coatings heat-treated at 
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700oC are mostly along the coating/substrate interface and would be of little benefit in 
providing a lubricating film of oil. 
 
It has been observed that increasing the heat-treatment time, at 700oC, has resulted in a 
small increase in the inner-layer hardness, as shown in Figure 4.54. This is because 
aluminium has diffused from the outer to the inner layer. 
 
In spite of its high hardness, the slurry-aluminised coatings formed at 700oC are a good 
deal thinner than for example, the abrasion-resistant Deloro Stellite JK® coating, which 
after being applied by the high-velocity oxy-fuel method, is approximately 400 µm thick 
[231] or weld overlay coatings, which are normally 3–4 mm thick [232]. Furthermore, the 
slurry coating does not have a uniform distribution of hard carbide particles in a tough 
metallic matrix. 
 
5.11.8. Hardness measurements of slurry-aluminised Alloy 214 heat-treated at 1000oC 
The results have shown that after slurry-aluminising Alloy 214 at 1000oC for different 
periods, the hardness of the outer and middle layers of the coating is 840–930 Hv. This 
hardness is comparable with the hardness of the inner layers of the coatings heat-treated at 
700oC, which is 860–910Hv. In the coatings heat-treated at 700oC, a large amount of δ-
Ni2Al3 precipitates have been detected in the inner layer. In the coatings heat-treated at 
1000oC, the equi-axed grains of the outer layer and the columnar grains of the middle layer 
are composed mainly of δ-Ni2Al3. 
 
The hardness of the inner layers of the coatings heat-treated at 1000oC is 500 Hv. 
However, the hardness readings correspond to a measurement carried out including two 
phases; α-Cr and δ-Ni2Al3. The hardness of α-Cr is approximately 110 Hv and the hardness 
of δ-Ni2Al3 is approximately 700 Hv. In this manner, the hardness measurements of the 
inner layer are a combination of these two phases. 
 
The hardness of the inner layer is comparable with the hardness of an atmospheric-plasma-
sprayed Fe-9Ni-5Cu-3C-3Si-3Cr coating, which is around 500 Hv, applied by Uozato et al. 
They applied the coating to protect cast aluminium-based diesel engines against wear and 
corrosion. The thickness of the coatings ranged between 260 and 280 µm [233]. 
 
Matsuura et al. [222] have published data on the hardness of the nickel aluminides. 
Figure 5.14 shows hardness readings superimposed on the Ni-Al binary phase diagram. 
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Matsuura’s measurements for the hardness of δ-Ni2Al3 are around 700 Hv. In this project, 
the hardness of the outer and intermediate layers of the slurry-aluminised coatings, heat-
treated at 1000oC, is higher than 700 Hv due to the presence of iron and chromium in the 
coating. 
 
Figure 5.14 The Al-Ni phase diagram with Vickers hardness of the different phases. 
 
 
 
 
 
 
 
 
 
 
 
5.11.9. Hardness measurements of slurry-aluminised Alloy 214 heat-treated at 1000oC 
followed by a heat treatment at 1150oC 
The hardness of the β-NiAl-rich coating containing small precipitates of α-Cr is 860–
910 Hv. This hardness is almost as hard as a WC-Co coating (approximately 990 Hv), such 
as Deloro Stellite JK® 112, which can be applied using the HVOF process. The wear 
resistance of this alloys is better than hard chromium plating and it is used on pump 
casings, gate valves, valve trim, fan blades and knives for cutting paper [231]. 
 
5.11.10. Hardness measurements and microstructure of Alloy 214 after 168 h at 
1100oC 
It has been observed that the hardness of Alloy 214 coupons has been unchanged after 
168 hours at 1100oC in air. This finding is expected as Haynes International Limited 
reports that temperatures above 925°C have little effect on the mechanical properties of 
Alloy 214 [69]. However, abnormal grain growth has been observed after 168 hours at 
1100oC, as shown in Figure 4.70. According to literature published by Haynes 
International Limited, significant grain growth occurs in Alloy 214 when heated above 
1095oC [69]. At 1095oC, the main mechanism for preventing grain growth namely gamma 
prime dissolves into the alloy [234]. However, the manufacturer does not mention how 
Ni2Al3 
NiAl3 
Ni3Al 
NiAl 
Ni5Al3 
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long Alloy 214 has to be subjected above 1095oC to develop grain growth. The results in 
this project have indicated that: 
i. abnormal grain growth starts to form at the edges of Alloy 214 after heating for 
168 h at 1100oC and; 
ii. normal grain growth is formed after heating Alloy 214 at 1100oC for 250 h. 
 
In this manner, it can be reported that grain growth is mainly temperature dependent. These 
findings are in agreement with the data reported by the manufacturer. 
 
The mechanism of abnormal grain growth has been explained by Cahn [157]. In two 
dimensions, the grains are hexagonal and the triple points are in equilibrium with angles of 
120o. In grains with less than six sides, the triple-point equilibrium is disturbed unless the 
sides of the grains are curved outwards. The grains with less than six sides shrink as the 
unstable curved sides shorten and straighten. Grains with more than six sides tend to grow 
at the expense of those having less than six sides, as shown in Figure 5.15. 
 
Figure 5.15 Schematic diagram illustrating abnormal grain growth. The six-sided grains are in two-
dimensional equilibrium; the larger grains grow and the smaller grains disappear [157]. 
 
 
 
 
 
 
 
 
 
 
According to Porter and Easterling, grain growth in metals occurs at temperatures above 
0.5Tm (Tm is the melting point), where the boundaries have significant mobility [235]. 
Lee et al. have annealed nickel in a carburizing atmosphere and have reported that 
abnormal grain growth occurs below 0.7Tm, whereas normal grain growth occurs above 
0.7Tm [236]. In contrast, Mizera et al. have observed a transition from normal to abnormal 
grain growth in 316L as the temperature is increased from 900 to 1200°C. No explanation 
for this transition has been given [237]. 
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The melting range of Alloy 214 is 1355–1400°C [69], therefore the test temperature of 
1100oC used in this work, represents 0.81Ts or 0.79Tl, where Ts and Tl are the solidus and 
liquidus temperatures of the alloy.  
 
Melting range data for a number of commercial alloys are presented in Table 5.12. The 
melting range for Alloy 214 is comparable with other wrought, aluminium-containing, 
nickel-based alloys, such as Alloy 693 and Alloy 602CA. Cast nickel-based alloys 
containing 4–6% aluminium, such as René 77 and Udimet 700, generally have lower 
liquidi and solidi temperatures than Alloy 214.  
 
Abnornal grain growth in Alloy 214 cannot be attributed to a high solidus temperature. 
Other researchers have carried out heat-treatments that represent 0.9Tm of the alloy 
without observing any grain growth. 
 
Table 5.12 Melting ranges of selected high-temperature alloys. 
 
Cast and wrought nickel-based superalloys typically contain small amounts of boron, 
zirconium, carbon and hafnium, which strengthen the grain boundaries and prevent them 
from sliding during creep deformation. Presumably, these elements also prevent grain 
growth by restricting the movement of grain boundaries [201, 239]. Alloy 214 undergoes 
abnormal grain growth because it contains relatively low concentrations of grain-
boundary-strengthening elements. The heat-treatment at 1100oC dissolves chromium 
carbide particles which are effective in pinning the grain boundaries. The grain boundaries 
are able to move freely in areas of the alloy where the carbides dissolve, allowing the 
grains to become larger. 
 
Alloy Composition Melting range  
(oC) 
Reference 
Alloy 214 Ni-16Cr-4Al-3Fe-0.5Mn-0.2Si-0.05C 1355–1400 [69] 
Alloy 693 Ni-29Cr-4Fe-3Al-1½Nb-1Mn-1Ti-0.5Cu-0.5Si-0.15C 1343–1377 [198] 
Alloy 602CA Ni-25Cr-9½Fe-2Al-0.5Mn-0.5Si-0.2C 1370–1400 [199] 
IN-713 C Ni-12½Cr-6Al-4.2Mo-2Nb-0.8Ti-0.12C 1260–1290 [201] 
B-1900 Ni-10Co-8Cr-6Al-6Mo-4.3Ta-1Ti-0.1C 1275–1300 [201] 
IN-100 Ni-15Co-10Cr-5½Al-4.7Ti-3Mo-1V-0.18C 1265–1335 [201] 
MAR-M 246 Ni-10Co-10W-9Cr-5½Al-2½Mo-1½Ti-1½Ta-0.15C 1315–1345 [201] 
René 77 Ni-15Cr-15Co-4.3Al-4.2Mo-3.3Ti-0.07C 1205–1400 [238] 
Udimet 700 Ni-18½Co-15Cr-5.25Mo-4.25Al-3½Ti-0.1C-0.03B 1205–1400 [238] 
Alloy 800H Fe-33Ni-20Cr-0.75Al-0.3Ti-0.2Al-0.15Cu-0.06C 1357–1385 [65] 
Carpenter 20Cb-3 Fe-34Ni-20Cr-3½Cu-2½Mo-1-Nb0.07C 1370–1435 [239] 
Incoloy 802 Fe-32½Ni-21Cr-0.75Ti-0.6Al-0.35C 1345–1370 [238] 
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It appears that the information in the Haynes brochure about grain growth occurring above 
1095oC applies to short-term exposures, e.g. solution heat treatment lasting a few hours, 
rather than long-term exposures, such as the 168-hour test carried out in this study. 
 
5.11.11. Advantages and disadvantages of the slurry-coatings produced after different 
heat-treatment procedures 
The discussion of the results obtained on the slurry-aluminising of Alloy 214, using 
different heat treatment temperatures and times, have shown so far several advantages and 
disadvantages of the slurry-coatings formed. 
 
The X-ray diffraction spectra of the slurry-coatings heat treated at 700oC is complicated 
due to the formation of several phases. It is believed that some phases have not been 
identified due to masking of stronger peaks. Another disadvantage of these coatings is the 
formation of cracks, in the inner layer, due to the presence of brittle phases such as ε-NiAl3 
and δ-Ni2Al3. Because of these cracks, the oxidation resistance of the coatings has not been 
evaluated. 
 
The advantage of the slurry-coatings heat treated at 700oC is that the slurry-coating does 
not form a distribution of hard carbide particles in a tough metallic matrix. However, the 
hardness is high enough to be used in wear-resistant applications. 
 
The disadvantage of some of the coatings heat treated at 1000oC is the formation of cracks 
in the middle and outer layers. However, they seem not to propagate after the coatings 
have been subsequently heat-treated at high temperatures. 
 
After subjecting the coatings heat treated at 1000oC to an additional heat treatment at 
1150oC, a crack-free β-NiAl-rich coating has been formed. 
 
After the different heat treatments applied, the coatings obtained have no Kirkendall 
porosity, are uniform in thickness and the mechanical properties, i.e. hardness, have not 
been affected. No significant difference, in terms of coatings quality, has been observed by 
applying different heat-treatment times. 
 
5.11.12. Isothermal oxidation of uncoated and slurry-aluminised Alloy 214 at 1100oC 
Isothermal oxidation has been carried out in uncoated and slurry-aluminised Alloy 214, as 
the cyclic oxidation tests carried out in Fe-Cr-Al alloys have not shown good results about 
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the oxidation resistance of the coatings. In this project, a test temperature of 1100oC has 
been chosen to increase the oxidation rate and shorten the duration of the oxidation tests. 
 
According to the manufacturer, Alloy 214 should not be used at 595–925oC as the 
formation and precipitation of gamma prime (γ'-Ni3Al) leads to a loss of intermediate and 
low-temperature ductility. For this reason, Alloy 214 is designed to be used above 955oC, 
where a scale composed of α-Al2O3 is formed. Below this temperature, the alloy develops 
a less protective mixed scale composed of chromia and alumina [69]. α-Al2O3 and α-Cr2O3 
form a complete range of solid solutions; both have the corundum structure and similar 
interplanar spacings of 0.348 and 0.363 nm respectively [240]. 
 
5.11.12.1. Isothermal oxidation of uncoated Alloy 214 
The X-ray diffraction spectra have shown that α-Al2O3, NiAl2O4 spinel and austenite are 
the phases identified after oxidation, at 1100oC for 250, 500, 750 and 1000 h, of uncoated 
Alloy 214, as shown in Figure 4.66. The spectra show that the proportion of α-Al2O3 and 
austenite increases with longer oxidation tests.  
 
Tawancy and Sridhar have reported that in the oxidation of Alloy 214 at 1150oC in air, the 
phases identified after 15 min were NiO, α-Cr2O3 and Ni(Cr,Al)2O4 spinel. However, after 
500 h, NiAl2O4 and α-Al2O3 were identified and, after 1000 h the main oxidation product 
was α-Al2O3. Although the oxidation temperature used by Tawancy and Sridhar was 50oC 
higher than the oxidation temperature used in this project, the results reported by them 
after the 500 and 1000 hours test, are in good agreement with the results reported in this 
project [241].  
 
The NiO and Cr2O3 phases reported by Tawancy and Sridhar have not been detected after 
oxidation of Alloy 214 in this project. It is thought that these phases have reacted as 
follows: 
NiO + Al2O3 = NiAl2O4 [242] 
Cr2O3 (s) + 3/2O2 (g) = 2CrO3 (g) [243, 244]  
Bolt et al. have reported that the first reaction takes place at 1000–1060oC, whereas Caplan 
and Cohen have reported that the second reaction takes place above 1000oC in air [242, 
243]. The formation of volatile chromium oxide shown in the second reaction explains the 
absence of chromium oxide in the oxidation products formed on uncoated Alloy 214 at 
1100oC. 
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Although chromium oxide has not been detected in the oxidation products of uncoated 
Alloy 214, the presence of chromium contributes to the formation of a protective α-Al2O3 
layer in alloys containing 4% aluminium, such as Alloy 214. Chromium decreases the flux 
of oxygen into the alloy and allows aluminum to diffuse to the surface without 
precipitating as internal oxide particles [245]. Furthermore, it has been suggested that 
Cr2O3 crystals may act as nucleation sites for α-Al2O3 [246]. 
 
Kear et al. have reported that after oxidising a Ni-15Cr-6Al alloy at 1000oC for 20 h, a 
continuous layer of α-Al2O3 was formed beneath an oxide layer composed of Cr2O3, 
Ni(Cr,Al)2O4 spinel and NiO [247]. 
 
In this project, the shortest isothermal oxidation test of Alloy 214 has been carried out for 
250 h; hence, it is not possible to comment on the formation of NiO and Cr2O3, as they 
seem to be formed and transformed in the early stages of the oxidation tests. 
 
5.11.12.2. Isothermal oxidation of slurry-aluminised Alloy 214 
After the isothermal oxidation tests carried out in the slurry-aluminised coupons of 
Alloy 214, the coatings have remained attached to the substrate and no cracks have been 
detected in the coatings; however, Kirkendall voids have formed in the substrate, near the 
coating/substrate interface. 
 
The X-ray diffraction spectra have shown that γ′-Ni3Al, α-Al2O3, NiAl2O4 spinel and 
austenite are the phases identified after oxidation of the slurry-aluminised coupons of 
Alloy 214, for 250, 500, 750 and 1000 h at 1100oC, as shown in Figure 4.67. The spectra 
show that the proportion of austenite increases, and the proportion of NiAl2O4 spinel 
decreases, with longer oxidation tests. At the end of the oxidation test, the amount of γ′-
Ni3Al phase is still enough to promote the formation of a protective α-Al2O3 layer, which 
is convoluted in some areas. 
 
Stott et al. have reported that after oxidising isothermally Fe-14Cr-4AI and Fe-27Cr-4Al 
alloys at 1200oC, a convoluted oxide morphology, with significant areas of lost contact 
between the oxide and the alloy substrate, has been develop. They have reported that the 
formation of the convoluted morphology has resulted from lateral growth of the oxide and 
the development of high compressive stresses [150]. Although they have reported that 
longer oxidation tests have produced bigger convoluted oxide morphology, this 
phenomenon has not been observed in this project, as shown in Figures 4.65 and 4.68. 
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However, the oxide layer of the slurry-aluminised coupons of Alloy 214 has been detached 
from the coating, as reported by Stott et al. 
 
Before the oxidation tests, the outer part of the β-NiAl-rich coatings contained 63–69% 
nickel and 26–30% aluminium. As the coating contains chromium in a separate phase, the 
β-NiAl is slightly aluminium-rich or hyperstoichiometric. After oxidation for 250, 500, 
750 or 1000 h at 1100oC, the nickel content in the β-NiAl phase has increased to 73–75%; 
the β-NiAl has become nickel-rich, or hypostoichiometric, and contains as much nickel as 
the Alloy 214 substrate. 
 
A similar behaviour has been reported by Das et al. after oxidising pack-aluminised CM-
247 LC (Ni-9W-9Co-8Cr-6Al-3Ta) at 1100oC for 15 min, 1, 5, 10, 50, 100, 200 and 500 h. 
They have reported that in the first 50 h of oxidation, the nickel content of the β-NiAl 
increases from approximately 55% to 65%, and remains at 65% in tests lasting up to 500 h 
[248]. 
 
The original heat-treated coating consists chiefly of β-NiAl. After 250 and 500 h the bulk 
of the coating has transformed to γ'-Ni3Al with patches of austenite. After 750 h there is a 
layer of austenite at the surface of the coating containing approximately 10½% aluminium. 
After 1000 h, the aluminium content of the austenite layer is approximately 7½% which is 
3½% higher than the original aluminium content of the Alloy 214 substrate. Figure 5.16 
shows a graph of aluminium concentration versus time spent at 1100oC. It is projected that 
the aluminium content in the surface of the coating will reach 4% after substantially longer 
than 1250 hours at 1100oC; however this a rough estimate. In practice, the change in 
concentration of aluminium will depend on rates of diffusion of aluminium toward the 
substrate and toward the surface. 
 
Figure 5.16 Aluminium content of coating on Alloy 214 versus time at 1100oC. 
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After the 250-hour oxidation test, small grains have been detected in the boundaries 
between the coarse grains of γ′-Ni3Al phase; presumably these grains correspond to the 
formation of γ-Ni phase. After the 500-hour oxidation test, the γ-Ni grains in the 
boundaries of the γ′-Ni3Al phase have become larger and more numerous whereas after the 
750-hour test, a continuous layer of γ-Ni is present at the coating/substrate interface. At the 
end of the 1000-hour oxidation test, a significant proportion of the surface layer of γ′-Ni3Al 
has transformed to γ-Ni. 
 
The longest oxidation test, i.e. 1000 h at 1100oC, has not depleted the γ′-Ni3Al coating 
from sufficient aluminium to consume the γ′-Ni3Al phase. However, if the tests have been 
extended, it is expected that the loss of aluminium from the γ′-Ni3Al phase would have 
been converted this phase to γ-Ni. Further depletion of aluminium from the γ-Ni phase 
(austenite) would have caused the coated surface to behave in a manner similar to the 
uncoated substrate. If the aluminium content of the austenite falls below the aluminium 
content of the original Alloy 214 substrate, the growth of less protective external oxides, 
such as NiO and Cr2O3, is expected. 
 
The degradation of the β-NiAl-rich coatings at 1100°C occurs by inward diffusion of 
aluminium into the Alloy 214 substrate rather than formation and spallation of the α-Al2O3 
layer. This mode of degradation has been observed by comparing the original aluminium 
content in the as-received Alloy 214, which is 4%, and after oxidation test, which is 9% 
near the coating/substrate interface, as shown in Figure 4.64(a). The aluminium content is 
approximately 6–7% within 100 µm deep into the substrate. Similar modes of degradation 
have been reported in other studies. 
 
Smialek and Lowell have reported that the degradation of pack-aluminised IN 100 (Ni-
15Co-10Cr-5Al-5Ti-3Mo) and MAR-M200 (Ni-12W-10Co-9Cr-5Al-2Ti) takes place by 
diffusion of aluminium into the substrate, rather than spallation and re-formation of the α-
Al2O3 scale. The degradation experiment was carried out at 1100oC for 300 h in a vacuum; 
the diffusion of aluminium into the substrate was accompanied by the conversion of β-
NiAl to γ′-Ni3Al, eventually allowing the formation of less protective NiAl2O4 spinel on 
the surface [249]. Xiang et al. have also reported that after oxidation of pack aluminised 
Alloy P92 at 650oC for 11 000 h, the Ni2Al3-rich coating have transformed to NiAl and the 
coating has degraded by inward diffusion of aluminium into the substrate [250]. In 
contrast, Goward et al. have described the degradation of pack aluminised β-NiAl coatings 
on nickel-based alloys. After cyclic oxidation between 1200oC and room temperature, the 
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coatings have transformed from β-NiAl to β-NiAl plus γ′-Ni3Al; then to γ′-Ni3Al plus γ-Ni 
solid solution, and finally to γ-Ni solid solution, whereupon the degraded coating 
eventually behaves in a similar manner to an uncoated coupon. The loss of aluminium 
from the coating by diffusion into the substrate was small in comparison with the loss of 
aluminium by oxidation and spallation of the alumina scale [251]. Birks et al. also reported 
that after oxidation at 1200oC for 30 h in air of a β-NiAl coating, formed on a nickel-based 
alloy, a continuous layer of γ′-Ni3Al was detected at the coating/substrate interface and at 
the outer part of the coating [252]. The same form of degradation was observed in this 
research project, indicating that these slurry coatings behave similarly to aluminide 
coatings produced by other methods. 
 
Kirkendall voids near the coating/substrate interface have been detected in Alloy 214 
substrate after oxidation tests. The dimensions of the pores cannot be measured accurately 
from polished cross-sections; however, Figure 4.65(a)–(d) suggests that the pores appear to 
have expanded during longer exposures. After oxidation tests, the β-NiAl grains in the 
coatings are slightly nickel-rich, i.e. the β-NiAl phase is hypostoichiometric. For this 
reason, it is believed that the pores have been formed because the rate of outward diffusion 
of nickel is greater than the rate of inward diffusion of aluminium. 
 
Other researchers have reported the formation of Kirkendall voids in aluminised coatings. 
Green and Stott have reported the formation of porosity in the substrate, near the 
coating/substrate interface, after oxidising pack-aluminised Incoloy 800H and Incoloy 825 
for 1000 h at 950oC [121]. Peichl and Johner have reported the formation of voids in 
nickel-based single crystals of alloy Ni-9½W-8½Cr-5½Al-5Co-3Ta-2Ti coated with Co-
32Ni-21Cr-8Al-0.5Y. After cyclic oxidation for 600 1-h cycles at 1050oC, voids were 
formed near the coating/substrate interface. However, by increasing the temperature to 
1100oC, only 400 1-h cycles were enough to form voids in the coating and the substrate, 
near the coating/substrate interface [253]. Ellison et al. have also reported that after 
oxidising at 1050oC for 1300 h vacuum-annealed IN-738 (Ni-16Cr-8½Co-3Al-3Ti-2½W-
2Mo-2Ta) coated with SICOAT 2453 (Ni-24Cr-11Al-9Co-2Re-0.5Y), large amounts of 
Kirkendall voids were formed along the coating/substrate interface [254]. 
 
In this project, the hardness of the slurry-aluminised coatings is 860–940 Hv before 
oxidation tests, as shown in Figure 4.58. However, after oxidation tests at 1100oC for 250 
to 1000 h the hardness has decreased to 415–465 Hv due to the dissolution of the small 
chromium-rich precipitates detected within the β-NiAl-rich coating before oxidation tests. 
                                                                                                                                                          5: Discussion 
 
 
209 
Tian et al. have reported that after annealing at 1290oC a β-NiAl compound, containing up 
to 10% chromium, followed by quenching and then ageing at 900oC for 30 h, its hardness 
was increased due to the precipitation of small spherical chromium-rich particles, which 
were up to 300 nm in diameter. However, over-ageing at 1000oC for 1000 h resulted in 
coarsening (approximately 800–1200 nm in diameter) of the chromium-rich particles due 
to the Ostwald Ripening effect. The hardness of the β-NiAl compound decreased after 
coarsening of the chromium-rich particles [255]. 
 
Before oxidation tests, the hardness of the chromium-rich precipitates located at the 
coating/substrate interface, is approximately 570 Hv (Figure 4.58) and approximately 
520 Hv after oxidation for 250 and 500 h, Figure 4.68. However, after oxidation for 750 h, 
the chromium-rich precipitates are located approximately 50 µm below the new 
coating/substrate interface, as shown in Figure 4.68. The hardness of the aluminium-
depleted zone near the coating/substrate interface is around 310 Hv, which is similar to the 
original hardness of the Alloy 214 substrate. After oxidation at 1100oC for 1000 h, the 
chromium-rich precipitates have dissolved into the substrate. The diffusion of aluminium 
into the substrate after the oxidation test, does not affect the hardness of the substrate. 
 
In this research project, the results have shown that uncoated Alloy 214 offers good 
oxidation resistance. In this manner, it can be though that applying a coating is not 
necessary; however, the slurry-aluminising Alloy 214 provides an extra aluminium content 
that cannot be added when preparing the alloy, due to brittleness caused. It has been 
observed that during the oxidation tests, the coating provides a continuous source of 
aluminium, which is chiefly used to form a protective α-Al2O3 layer. The slurry-
aluminising has led to a marked improvement in the oxidation resistance of Alloy 214 at 
1100oC. 
 
In order for a coating to be protective, it has to satisfy many of the following requirements, 
no matter what is the deposition method or the coating/substrate combination [256]: 
 
• stability at high temperature (melting point similar to the substrate); 
• formation of a slowly growing protective oxide scale and low inter-diffusion of the 
protective element (e.g. Al, Cr, Si) to prevent disappearance of the coating; 
• freedom from pores or cracks; 
• good adherence to the substrate during processing and service; 
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• uniform thickness; 
• mechanical and physical properties similar to the substrate (such as strength, 
ductility, heat transfer and thermal expansion coefficient); 
• easy application and repair if necessary; 
• cost effectiveness (e.g. as inexpensive as possible). 
 
It is difficult to find all these requirements together in a single coating. However, the most 
important required characteristics will depend on the service conditions. The slurry 
coatings obtained in this project have satisfied the most important aspect of a coating, 
which is to increase the life expectancy of the coated component [257]. The literature has 
shown that the slurry method is a cost effective alternative for obtaining high-temperature 
coatings; however, other coating methods are also available, which are considered in the 
following section. 
 
5.12. Obtaining high-temperature coatings by other deposition methods 
High-temperature coatings have been mainly divided into diffusion (chemically-bonded) 
and overlay (mechanically-bonded) coatings [194]. Chemical vapour deposition (CVD), 
pack cementation and hot dipping are used to produce diffusion coatings. Overlay coatings 
have been formed by physical vapour deposition methods such as vacuum evaporation, 
sputtering and thermal spraying. Thermal barrier coatings are another class of high-
temperature coating. These coatings are mainly composed of an inner MCrAlY layer and a 
ceramic outer layer. At high temperatures, the inner layer develops a protective Al2O3 
layer, whereas the outer ceramic layer provides thermal insulation between the substrate 
and the environment due to its low thermal conductivity [194, 258]. 
 
5.12.1. Diffusion coatings 
Coatings formed by chemical vapour deposition (CVD) methods are deposited at 
temperatures of about 1000oC [259] and have been used to deposit materials from the 
vapour phase [260]. A volatile compound of the element to be deposited is vaporised in an 
inert atmosphere, and reacts chemically to produce a non-volatile deposit on the surface of 
a substrate. Coatings obtained by CVD methods have high levels of purity and 
reproducibility. 
 
One of the first patents for a chemical vapour deposition coating was awarded to 
Aylsworth in 1896 by the incandescent lamp industry [261]. In the mid 1950s Powell et al., 
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of Battelle Memorial Institute, published one of the first books of chemical vapour 
deposition [262].  
 
In 2004, Pedraza et al., of SIFCO Turbine Components, described a process of forming a 
protective coating using the CVD method. An aluminium diffusion coating, SIF131®, was 
deposited on Alloy IN-792 (Ni-11.5Cr-8.5Co-4Ti-4Ta-3.5W-3Al-2Mo) to improve its 
oxidation resistance [263]. The component was aluminised for 6 h at 1050oC in ALUVAP 
440 equipment, which was employed by Archer Technicoat Ltd. [264] for aluminising gas 
turbine components. An additional heat treatment was carried out, at 1100oC for 1 h in a 
vacuum furnace, to relieve stresses in the coating. After the second heat treatment, the 
coating was composed of an inner layer, 20 µm thick, and an outer layer, 30 µm thick. The 
outer layer was composed of β-NiAl and the inner layer was composed of a β-NiAl matrix 
with refractory metals.  
 
Pedraza et al. reported that after 300 1-h cycles between 1050oC and room temperature, the 
only oxide detected on the surface of the coating was alpha alumina (α-Al2O3). After the 
300 cycles, some areas of the β-NiAl coating were transformed to Ni3Al and the refractory 
metals diffused towards the surface of the coating. No evidence of voids or cracks was 
reported. 
 
The slurry coatings obtained in this research, and the coatings reported by Pedraza et al., 
were β-NiAl rich. During the oxidation tests, the slurry coatings degraded mainly by the 
transformation of β-NiAl to γ'-Ni3Al, this has been also reported by Pedraza et al. The only 
oxide product detected after oxidising the slurry coatings was also alpha alumina (α-
Al2O3). Another similarity between the slurry coatings and the CVD coatings obtained by 
Pedraza et al. is that neither voids nor cracks were formed after forming the coating or after 
oxidation tests. These similarities demonstrate that slurry coatings are as dense as CVD 
coatings, except in terms of thickness or uniformity. 
 
5.12.2. Overlay coatings 
Overlay coatings have been mainly obtained by physical vapour deposition (PVD) 
methods, such as vacuum evaporation and sputtering, and thermal spraying processes such 
as high velocity oxyfuel spraying (HVOF). Kessler has reported that PVD coatings are 
formed at 200–500oC [259]. 
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Coatings obtained by PVD methods are formed by depositing materials from their vapour 
phase. However, no chemical reactions take place between the vapour and the surface of 
the substrate [265]. Hocking et al. have reported that the main PVD techniques are vacuum 
evaporation and sputtering [257]. 
 
Powell has reported that in the vacuum evaporation technique, the substrate and the vapour 
source (material to be deposited) are heated in a vacuum to a temperature at which the 
vapour pressure of the material is around 10-5 atm., or greater. At this temperature, 
molecules are detached from the material and are deposited on the substrate [262]. Teer 
has reported that a coating with a columnar structure, which is weak and porous, is 
obtained using the vacuum evaporation method. However; coatings with equi-axed 
structures are formed when the substrate temperature is 0.5 above the melting temperature 
(Tm) [266].  
 
Sputtering is a coating process in which the coating material is ejected from a solid surface 
by the bombardment of high energy particles, usually ions of an inert gas [266]. However, 
only about 1% of the bombardment energy gives ejected atoms, 75% causes heating of the 
coating material, and the remaining percentage is associated with emission of secondary 
electrons from the coating material [267]. Thornton has reported that sputter coatings also 
have porous columnar structures [268]. 
 
Hocking et al. have reported that coatings obtained by PVD methods, such as vacuum 
evaporation and sputtering, are formed with little surface diffusion [257]. In this respect, 
slurry coatings have better adherence to the substrate, due to their chemical bonding with 
the substrate, than PVD coatings. 
 
Thermal spray coatings are formed by the impact, deformation and rapid solidification of 
liquid droplets on a roughened surface [257, 269]. The roughened surface is required to 
increase the surface area and to provide mechanical interlocking for the sprayed particles 
[269, 270]. Ilavsky has reported that thermal spray coatings have a significant percentage 
of metastable phases, which transform to more stable phases when the coating is in service 
at high temperatures. Thermal spray coatings also have many defects such as unmelted 
particles, cracks, voids and oxide inclusions [271]. Consequently, the coatings have poor 
adhesion to the substrate. The defects of thermal spray coatings, reported by Ilavsky, have 
not been observed in the slurry coatings formed in this project and the adhesion of slurry 
coatings is stronger than the adhesion of thermal spray coatings. 
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Another disadvantage of thermal spray coatings is the size of the equipment used; for 
example, the torch is sometimes bigger than the parts to be coated. Consequently, the 
powder stream may not be delivered adequately to the substrate and the quality of the 
coating is affected [270]. Slurry coatings do not have these limitations, as the slurry can be 
applied to almost any component size and geometry. 
 
5.12.3. Thermal barrier coatings 
Nicholls has reported that thermal barrier coatings are designed to resist oxidation and to 
provide thermal insulation to the coated component [258]. These coatings are composed of 
an inner metallic layer, consisting of MCrAlY, and a ceramic outer layer. The inner layer is 
referred as the bond-coat and improves the oxidation resistance by the formation of a 
protective oxide layer. The outer layer usually consists of ZrO2, with additions of either 
Y2O3 or MgO, and provides thermal insulation to the substrate. The disadvantages of this 
type of coating are the durability of the ceramic layer and the high costs associated with the 
equipment used [194]. The equipment used in this project was not expensive. This 
demonstrates that the slurry method is an economical alternative to produce high-
temperature coatings. 
 
The results obtained have satisfied the aim of this research project, which was to explore 
the potential of metallic slurry coatings for improving the oxidation resistance of wrought 
commercial alloys. The slurry method worked well, and the goal of obtaining a high-
temperature coating has been achieved. Although the coatings had some defects such as 
cracks and voids; they performed satisfactorily in the oxidation tests and might have 
practical applications in processes involving high temperatures. However, further 
experiments and characterisation are recommended in order to use these coatings to protect 
metallic substrates from high-temperature atmospheres. 
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6: CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
WORK 
 
The conclusions drawn from the work carried out in this project are summarised in this 
chapter. The chapter is divided into sections covering different aspects of the experimental 
work. 
 
6.1. Preparing and applying the slurry 
1. A straightforward fused-slurry method has been developed for aluminising iron-
based and nickel-based alloys in the laboratory. The slurry comprises spherical 
aluminium powder, less than 20 µm in diameter, a cellulose-based binder and 
water. 
 
2. Water was preferred to ethanol as the liquid carrier. When ethanol was used, 
evaporation of the volatile carrier led to an increase in the viscosity of the lacquer. 
 
3. Hydroxypropylcellulose binder was preferred to methylcellulose. 
Hydroxypropylcellulose dissolved more easily in water; however, no differences 
were noted in the quality of the coatings formed from the two binders. 
 
4. When slurries were heat-treated in argon gas, hydroxypropylcellulose and 
methylcellulose binders were both removed at 310–370oC. 
 
5. At 20oC the lacquer had a viscosity of 200–250 centipoises. After adding and 
mixing the aluminium powder, the viscosity of the slurry was 400–450 centipoises.  
 
6. To improve the uniformity of the coating, it was important to minimise the number 
of bubbles in the slurry. This was accomplished by leaving the lacquer to stand 
before adding the metallic particles and by stirring the slurry gently. 
 
7. In order to improve the uniformity of the coating, two layers of slurry were 
deposited on each coupon. The first layer was dried before the second layer was 
applied. The slurry-coated coupons were dried by heating for 20 minutes in a pre-
heated muffle furnace at 120oC. 
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8. Blister-type coating defects, formed in the early experiments, were caused by the 
solvent boil, or popping, phenomenon. 
 
9. Detachment of the dried slurry from the right-angled edges and corners of the 
coupons was attributed to shrinkage stresses caused when the liquid carrier 
evaporated. This effect was eliminated by rounding the edges and corners when 
grinding the coupons. 
 
6.2. Heat-treatment conditions 
1. The heat treatment was carried out in argon or hydrogen gas. When the heat-
treatment atmosphere contained traces of oxygen and water vapour, the alloy 
substrate oxidised and diffusion-bonding between coating and substrate was 
hindered. The atmosphere was purified with a copper getter at 550oC and 
phosphorus pentoxide drying agent. 
 
2. In order to form a dense coating it was necessary to carry out the heat treatment 
above the melting point of the metallic components of the slurry. For this reason, it 
was decided that aluminised coatings would be studied in preference to coatings 
containing NiCrSi and NiCrAlY. For aluminised coatings, the heat treatment has 
been carried out at 700 and 1000oC. 
 
 6.3. Slurry coatings on Alloys 800H and HCM12A 
1. The coatings on Alloy 800H and Alloy HCM12A contained cracks in the brittle 
iron-nickel aluminide and iron aluminide phases. 
 
2. The cracks began at the surfaces of the coatings and progressed towards the 
substrates. The cracks were oriented perpendicular to the coating/substrate interface 
and were caused by tensile stresses arising because the expansion coefficient of the 
substrate is smaller than that of the coating.  
 
3. Measurements of coating thickness indicated that each layer of slurry was 
approximately 150 µm thick after drying. Two layers of dried slurry were typically 
300 µm thick before heat treatment and approximately 120 µm thick after heat 
treatment. 
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4. The coatings on Alloy HCM12A were formed by outward diffusion of iron to give 
an outer layer of FeAl. 
 
5.  The coatings on Alloy HCM12A were similar in composition and microstructure 
to aluminide coatings formed by chemical-vapour-deposition on Alloy P91 at 
715oC. 
 
6. Dissolved nitrogen in Alloys 800H and HCM12A reacted with aluminium in the 
coating to form needle-like aluminium nitride particles near the coating/substrate 
interface. 
 
7. Alloys 800H and HCM12A were not considered good substrates for aluminising 
and attention was switched to Fe-Cr-Al alloys.  
 
6.4. Slurry-aluminised Fe-Cr-Al alloys 
1. The elongated grain structures of the cold-rolled Fe-Cr-Al alloys were 
recrystallised during the slurry-aluminising heat treatment. 
 
2. The coatings formed on the Fe-Cr-Al alloys after 2 h at 1000oC were composed of 
columnar grains of FeAl. The coatings were similar in composition and grain 
structure to pack-aluminised coatings formed on Fe-Cr-Al alloys at 900oC for 4 h. 
 
3. The coatings formed on the Fe-16Cr-4Al and Fe-27Cr-4Al alloys contained cracks 
oriented perpendicular to the coating/substrate interface. The cracks were due to 
tensile stresses in the brittle FeAl phase and the mismatch in thermal expansion 
coefficients of the coating and substrate. 
 
4. After the slurry-aluminising heat treatment: 
i. the hardness of the Fe-16Cr-4Al alloy decreased due to recrystallisation of 
the elongated cold-rolled grains; 
ii. the hardness of the Fe-27Cr-4Al alloy increased due to sensitisation, i.e. the 
precipitation of chromium-rich carbides and aluminium/chromium nitrides 
within the alloy grains. 
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5. After 528 h at 1000oC in air:  
i. grain growth occurred in the Fe-27Cr-4Al alloy; 
ii. grain growth did not take place in the Fe-16Cr-4Al alloy due to the presence 
of 0.01–0.02% yttrium in this alloy; 
iii. there was no significant change in the hardness of the slurry-aluminised 
substrates. 
 
6. After cyclic oxidation tests lasting 528 h at 1000oC in air: 
i. the aluminium contents of the substrates increased by 2–4%;  
ii. the cracks formed after heat treatment did not act as sites of preferential 
oxidation; 
iii. Kirkendall voids formed in the coatings; 
iv. the coating/substrate interfaces were no longer detectable by optical 
microscopy; 
v. the scales formed on uncoated and slurry-aluminised coupons of Fe-16Cr-
4Al and Fe-27Cr-4Al were composed mainly of α-Al2O3; 
vi. the aluminium contents of the coating on the Fe-27Cr-4Al alloy decreased 
from 28% to 8%;  
vii. the aluminium contents of the coating on the Fe-16Cr-4Al alloy decreased 
from 28% to 6%; 
viii. the X-ray diffraction and hardness data suggest that the Fe-27Cr-4Al alloy 
has been sensitised to a greater extent than the Fe-16Cr-4Al alloy; 
ix. the FeAl phase was no longer detected in the coatings. 
 
7. The projected lives of the slurry-aluminised Fe-16Cr-4Al and Fe-27Cr-4Al alloy 
substrates were approximately 2600 h. The coating resulted in a projected increase 
of 500 h in the life of the uncoated coupons. After longer times, there is insufficient 
aluminium to maintain an external alumina scale and breakaway oxidation is 
predicted. 
 
8. The ferritic Fe-Cr-Al alloys were not considered good substrates for aluminising 
because of substantial interdiffusion between the coatings and the substrates. 
Attention was therefore switched to the slurry coating of austenitic nickel-based 
Alloy 214. 
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6.5. Slurry-aluminised Alloy 214 
1. Before heat treatment, a consistent weight increase of 0.1 ± 0.01 g/cm2 per coupon 
was measured after drying the applied slurry. 
 
2. The heat treatment at 700 and 1000oC did not cause any significant change in 
hardness of the substrate, or grain growth. 
 
3. Varying the duration of the heat treatment between 1 and 8 h did not result in any 
significant difference in coating quality. 
 
4. After heat treatment, the coatings did not contain any aluminium nitride particles.  
 
5. The heat-treated coatings did not contain any Kirkendall porosity. 
 
6. After heat-treating the coating at 700oC: 
i. the coating had uniform thickness and consisted of two layers; 
ii. the inner layer was harder than the outer layer, and the thickness of the 
inner layer increased with the heat-treatment time; 
iii. the coating structure was similar to inwardly diffused pack-aluminised 
coatings formed on nickel-based alloys at 760–870oC; 
iv. cracks formed parallel to the coating/substrate interface in the inner layer 
due to the formation of brittle ε-NiAl3 and δ-Ni2Al3 phases;  
v. the cracks running along the coating/substrate interface are due to 
compressive stresses generated during cooling from the heat-treatment 
temperature, and the fact that the expansion coefficient of the coating is 
smaller than that of the substrate; 
vi. the phases identified by X-ray diffraction were austenite, Cr2Al13, NiAl3, 
Ni2Al3, Ni3Al, Cr2Al and possibly CrNiFe. 
 
7. After heat-treating the coating at 1000oC: 
i. the coating was composed of three layers; 
ii. the middle and outer layers were rich in δ-Ni2Al3 phase and were 
consequently brittle; 
iii. the inner layer consisted mainly of α-chromium; 
                                                                                        6: Conclusions and recommendations for further work 
 
 
220 
iv. Cr5Al8 was formed in the grain boundaries of the outer layer due to the low 
solubility of chromium in δ-Ni2Al3; 
v. cracks were formed parallel to the coating/substrate interface when the 
coating thickness exceeded 250 µm; 
vi. the cracks were formed due to compressive stresses generated during 
cooling from the heat-treatment temperature to room temperature;  
vii. the coatings were similar in composition and microstructure to pack-
aluminised coatings formed on a Ni-14Cr alloy at 900oC; 
viii. the coatings were formed by outward diffusion of nickel rather than inward 
diffusion of aluminium; 
ix. the phases identified by X-ray diffraction were NiAl, Ni2Al3, Cr5Al8, and 
austenite; an α-Al2O3 scale was detected on the surface. 
 
8. After a second heat treatment at 1150oC: 
i. the brittle δ-Ni2Al3, formed in the first heat treatment at 1000oC, 
transformed to β-NiAl; 
ii. the intergranular Cr5Al8 phase, in the outer layer, transformed to α-
chromium; 
iii. the hardness of the β-NiAl-rich layer was 860–940 Hv; 
iv. the coatings were considered suitable for oxidation testing. 
 
9. After isothermal oxidation tests at 1100oC: 
i. Kirkendall voids were formed in the substrate near the coating/substrate 
interface within 250 h; 
ii. much of the β-NiAl had transformed to γ′-Ni3Al after 250 h; 
iii. evidence of grain growth was observed in the substrate after 250 h; 
iv. after 500 h the coating was mostly γ′-Ni3Al with patches of austenite; 
v. the hardness of the γ′-Ni3Al-rich coating was 430–460 Hv; 
vi. after 750 h, bands of austenite containing 10–11% aluminium were detected 
near the coating surface and the coating/substrate interface; 
vii. the coating remained attached to the substrate after 1000 h; 
viii. the Kirkendall voids continued to grow until the end of the 1000-hour     
oxidation test; 
ix. after 1000 h the central part of the coating consisted chiefly of γ′-Ni3Al with 
layers of austenite (γ-Ni) at the coating/substrate interface and the coating 
surface; 
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x. the layer of austenite at the coating surface contained 7½% aluminium; 
xi. the layer of austenite at the coating/substrate interface contained 11% 
aluminium; 
xii. an external α-Al2O3 scale, formed on the β-NiAl-rich coating, was still 
present after 1000 h; 
xiii. the hardness of the substrate was not changed significantly after 1000 h; 
xiv. the Alloy 214 grains continued to grow until the end of the 1000-hour 
oxidation test. 
 
6.6. General conclusions on slurry coatings 
It has been shown that slurry-aluminising is a simple, effective way to form protective 
coatings which are similar in composition and microstructure to chemical vapour deposits. 
 
A limitation associated with slurry coatings is the difficulty encountered in applying the 
optimum amount of slurry to the substrate and ensuring that the thickness is consistent. 
This fact is not widely reported in the literature, but appears to be the main reason why 
slurry coatings have not been used more widely in industry. If the slurry is applied too 
thinly, the coating does not contain sufficient aluminium to protect the substrate 
adequately. If the slurry is applied too thickly, the coating is prone to cracking due to the 
formation of brittle aluminides, which do not match of expansion coefficient of the 
substrate. 
 
A further limitation of slurry coatings identified in this project relates not to the coatings 
themselves, but to the substrates, which are poorly compatible with the heat-treated 
coatings. This problem is not restricted to the four substrates studied in this project; it is a 
broader problem affecting the coating of carbon steels, low-alloy steels, stainless steels, 
heat-resistant alloys and wrought superalloys for high-temperature service. The problem is 
not limited to slurry coatings, but also affects chemical and physical vapour deposits. 
 
6.7. Recommendations for further work 
In any future development of slurry coatings for high-temperature service, while efforts 
could be made to improve the quality of the alloy substrates the following criteria are for 
selecting alloys which are likely to be suitable and compatible with aluminium-rich slurry 
coatings. This can be carried out by persuade alloy manufacturers to collaborate in 
developing substrates with low nitrogen contents. Mechanical properties, corrosion 
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resistance and cost are major factors in the design of wrought alloys; manufacturers have 
given scant consideration to making their alloys more compatible with coatings. This point 
may be illustrated with an analogy: the effectiveness of modern gas-turbine coatings is not 
merely due to the carefully controlled coating processes, but is largely dependent on the 
composition and cleanliness of the vacuum-melted, cast superalloy substrates. There is 
much work to be done in designing and testing wrought alloys specifically for use as 
coated substrates and the following details, or selection criteria, should be noted: 
i. the alloy should be austenitic, rather than a ferritic, to slow the diffusion of 
aluminium from the coating to the substrate; 
ii. an aluminium-containing alloys is preferred to an aluminium-free alloy; 
iii. the alloy should be nickel-based, rather than iron-based, to lower the 
expansion coefficient; 
iv. the alloy should be vacuum-melted to minimise the nitrogen and carbon 
contents; 
v. the alloy should resist grain growth at the temperature of alumina scale 
formation. 
 
For any future work involving the testing of slurry coatings, an effort should be made to 
minimise differences in coating thickness in a batch of specimens.  
 
Instead of coating individual coupons that are approximately 15 mm in length, the 
coating of an alloy strip, perhaps 150 mm in length, is suggested. After heat 
treatment, the slurry-coated alloy strip may be cut into smaller specimens with a 
fine-bladed ceramic cutting wheel or a diamond saw. 
 
As an alternative to applying the slurry with a paintbrush, a manually operated 
air-spray gun may result in more uniform coatings. Upon squeezing the trigger, 
the slurry is mixed with a stream of compressed filtered air and directed, as a fine 
spray, onto the prepared substrate. 
 
In order to accelerate the degradation of the coatings applied in this project, some of the 
oxidation tests have been carried out at temperatures above the operating limits of the 
substrates. Furthermore, some tests have ended before determining the time at which the 
coating ceases to form a protective aluminium scale. In future work, it is recommended 
that longer oxidation tests, lasting more than 1000 hours, be conducted at carefully selected 
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temperatures. The tests should be continued to determine the times at which the coatings 
break down. 
 
When applying protective coatings, it is important to find out whether the coating, or its 
heat treatment, produces any adverse effects on the mechanical properties of the substrate. 
Tensile testing is recommended to compare the yield strength, ultimate tensile strength and 
elongation-to-failure of coated and uncoated test specimens. Standard rectangular tension-
test specimens can easily be coated by the slurry method after being machined to shape. 
Similar specimens are suitable for creep testing which is also recommended, particularly in 
situations where the development of Kirkendall voids and cracks near a coating/substrate 
interface may shorten the stress-rupture life of a coated component. 
 
Coatings other than aluminised coatings may be formed by the fused-slurry method. For 
example, the Ni-19Cr-10Si powder, described in some of the preliminary experiments, 
could be used in a slurry. It would be necessary to carry out the heat treatment above 
1135°C, as this alloy becomes molten at a higher temperature than aluminium. Such a 
coating may prove effective for resisting corrosion by molten salts, carburisation or metal 
dusting. Furthermore it may be possible to develop Ni-Cr-Al-Si coatings by blending the 
Ni-Cr-Si and aluminium powders in the same slurry. 
 
In future work, experimentation with the vapour-slurry method is recommended. The 
coatings examined in this project have all been deposited by the fused-slurry method. The 
vapour-slurry method is similar; however, the slurry contains a halide activator and the 
heat treatment is carried out below the melting point of the metallic powder. It should be 
possible to deposit chromium, silicon and other metallic elements with relatively high 
melting points by the vapour-slurry method. Several vapour-slurry coatings have been 
described in the literature review. 
 
If slurry-coated wrought alloys are to be used in the power, petrochemical or process 
industries, the coatings will probably be applied to tubular components which are widely 
used in boilers, furnaces and heat exchangers. In this project, it has been found that it is 
relatively straightforward to slurry-coat small coupons in the laboratory; however, the 
coating of long tubes, several metres in length, will be far more challenging. The following 
obstacles will have to be overcome: 
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It may be possible to obtain tubes directly from the manufacturer, in the pickled 
condition, with a surface finish that is adequate for the application of slurry. 
Otherwise, it may be necessary to prepare the internal surfaces by boring or 
honing; external surfaces may require wet or dry grit-blasting. 
 
In the laboratory, coupons have been coated after mixing small quantities of slurry. 
For the coating of larger components, greater volumes of slurry will be required 
and automated stirring will replace the manual method. Ideally, it should be 
possible to store the slurry instead of mixing directly before application. The 
composition of the slurry may have to been modified to prevent the settling of 
metallic particles, thickening or chemical reaction between the aqueous carrier and 
the amphoteric aluminium particles. 
 
The coatings applied in this project have been formed on coupons with flat 
horizontal surfaces. The coating of large industrial components such as tubes will 
be more difficult. Slurry may be applied to the external surfaces of tubes by 
automatic spraying. This method is similar to conventional hand spraying, but the 
trigger in the spray gun is replaced by an air cylinder activated by an air valve, 
which gives improved control of the thickness of the applied slurry. The spray gun 
may traverse along the length of the horizontal tubular substrate, which is 
supported at it ends and rotated by an electric motor. 
 
The method of filling and draining may be suitable for applying slurry to the 
internal surfaces of tubes. Some modifications to the rheological properties of the 
slurry may be necessary in order to prevent distortion or sagging before drying, i.e. 
excessive flow of the slurry on vertical, sloping or over-hanging surfaces under the 
influence of gravity. 
 
The use of a large convection oven, with forced circulation of heated air, is 
suggested for drying slurry-painted tubes. Carrier vapour should not be allowed to 
accumulate inside the oven as evaporation will slow down when the atmosphere 
becomes saturated. 
 
The heat treatment of industrial components is going to require a large furnace 
with suitable seals and fixtures for supporting the substrates. The consumption of 
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electrical power and non-oxidizing gas will contribute significantly to the cost of 
the coating process. 
 
Quality control is important in coatings, particularly when the method of application 
may result in thick spots, thin spots, bare spots, cracks or pores. Ease of inspection 
depends on the size and shape of the substrate; for example, defects on the internal 
surfaces of coated tubes will be difficult to detect and repair. Ideally, defects related 
to application of the slurry should be located and corrected before the heat treatment. 
 
The findings presented in this thesis highlight the importance of developing new wrought 
alloys for substrates, and of improving the properties of slurries to produce coatings with 
consistent thickness. A final recommendation to circumvent some of the limitations 
identified in the oxidation behaviour of slurry-aluminised coatings at 1000 and 1100°C is 
testing for resistance to metal dusting and molten-salt corrosion at 500−700°C. In this 
temperature range, interdiffusion between the coating and substrate occurs more slowly, 
the stresses associated with expansion coefficient mismatch are smaller and there is less 
formation of aluminium nitride particles near the coating/substrate interface. 
 
The project is demonstrated a procedure for making slurry coatings by a low-cost brushing 
method, revealing microstructures and oxidation performance similar to those of coatings 
produced by more complex procedures (e.g. CV, PVD). The findings suggest that the 
coatings may be applicable to arrange high-temperature substrates for enhancing oxidation 
resistance, which can be investigated in further work. 
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